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ABSTRACT
Military vehicle traffic during military training at installations can result in land
degradation, vegetation removal, and increased soil erosion in training areas. Multiple
vehicle passes (possible column movement) over the same terrain result in more severe
damage to the soil and vegetation. Military training area land managers have a
responsibility to manage the military lands in a sustainable way and maintain the
environmental integrity of the land. This study utilized the Global Positioning System
(GPS) and Geographic Information System (GIS) to evaluate military vehicle traffic
patterns to predict vegetation removal. Investigation included vehicle tracking, estimation
of impact during maneuvers, comparison of impacts from different maneuvers, and the
development of a procedure to identify column platoon movement.
Vehicle tracking studies, where GPS-based vehicle tracking systems were
mounted on military vehicles to record their position every second during training, were
conducted at Fort Lewis in October 2005, Fort Riley in May 2005, and Yakima Training
Center in October 2001. The maneuver at Fort Riley, Kansas involved more road-side
interrogation and less off-road traffic and it was estimated that an average of 1048, 642,
and 179 square meters of vegetation was removed per vehicle day for the M1A1 Abrams
combat tanks, M2A2 Bradley fighting vehicles, and M998 high mobility multi-purpose
wheeled vehicles (HMMWV) respectively. The maneuver involving Strykers at Fort
Lewis involved more off-road traffic than at Fort Riley. This maneuver consisted of
urban operations, traveling to firing ranges, and some off-road maneuvering on one of the
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ranges. It was estimated that on average just over 200 square meters of vegetation was
removed by each Stryker per vehicle day during this maneuver.
A GIS method to identify column movement was developed and applied to all of
the full platoon moving data collected at Fort Lewis. Charlie Company 1st platoon was
identified as having the most column movement. Approximately 7.5 and 1.0 percent of
the off-road distance traveled by the platoon was identified as column movement using a
10 m and 1 m buffer, respectively. A sensitivity analysis indicated a smaller buffer size
identified less column movement.
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Chapter 1
Introduction
Many studies have shown that military training at installations can result in land
degradation. Military training can result in vegetation removal, which can lead to
increased soil erosion in training areas. Land managers at these installations have a
responsibility to manage the military lands in a sustainable way and maintain the
environmental integrity of the land. They need to understand how vehicles impact the
land. They also need to know how much impact will result from a given training
maneuver. They use a tool known as the Army Training and Testing Area Carrying
Capacity (ATTACC) model, developed by the Army Corps of Engineers, to estimate
vehicle impact and vehicle movement. ATTACC is useful, but is partially based on
subjective opinion. An opportunity exists to improve the ATTACC model by using
objective quantifiable data.
The type of maneuver, location of the training event, land conditions, and types of
vehicles used all affect the severity of the damage to the terrain during a training
maneuver. The degree of disturbance to the soil and vegetation needs to be quantitatively
evaluated using vehicle tracking data and vehicle impact relationships specific to the
military installation. During a training maneuver, a percentage of the distance traveled
by a vehicle is on-road and a percentage is off-road. Work is needed to evaluate these
types of travel characteristics and how vehicles move during maneuvers. In the
ATTACC model, the assumed percentage of off-road travel for a given vehicle in any

2
given military training maneuver was based on subjective expert opinion, as opposed to
objective quantitative GPS-based vehicle tracking data.
Vehicle tracking studies conducted at Yakima Training Center (YTC),
Washington (Haugen, 2002), Fort Riley, Kansas in May of 2005, and Fort Lewis,
Washington in October of 2005 were needed to evaluate and validate the ATTACC
model. Vehicle tracking studies provide an opportunity to validate the percentage of offroad travel for given vehicles estimated by the ATTACC model during selected military
maneuvers. More detailed analysis of vehicle movement patterns during maneuvers
would greatly benefit training area land managers. A GIS method to identify off-road
column platoon movement would greatly benefit training area land managers. A platoon
consists of four vehicles. Column movement is a type of platoon formation where all
four vehicles are following one behind the other. Multi-track movement is when they are
actually following in the same tracks. Multi-track movement causes the most severe type
of damage to the soil and vegetation. A GIS method to identify off-road column platoon
movement and possible multi-track movement needs to be developed to identify where
and quantify how frequently this type of platoon formation occurs during training.
Identified areas could then be visually inspected and rehabilitated if needed. Vehicle
tracking data collected at Fort Lewis provided an excellent data set to develop and apply
this method because three full platoons of four vehicles were tracked using GPS.
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Chapter 2
Objectives
The main objective of this study was to analyze military vehicle traffic patterns to
predict vegetation removal caused by military vehicles during training maneuvers. This
was accomplished by tracking military vehicles using Global Positioning System (GPS)
technology during training maneuvers at Fort Lewis, Washington; Fort Riley, Kansas;
and Yakima Training Center, Washington (Haugen, 2002).

Assessment and Comparison of Vegetation Impacts
The first objective was to predict the amount of vegetation removed by the
vehicles tracked during the maneuvers at Fort Riley and Fort Lewis and compare the
results to those from Yakima Training Center (Haugen, 2002). The cumulative impact
width relationships developed in previous vehicle impact studies conducted by Ayers et
al. (2005) and Simmons (2004) were used to estimate the square meters of vegetation
removed by military vehicles during the maneuvers conducted at Fort Lewis and Fort
Riley.

Evaluation of ATTACC
Land managers at military training installations use a methodology known as
Army Testing and Training Area Carrying Capacity to manage the lands for sustainable
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use. Many of the parameters used in ATTACC are subjective and based on expert
opinion. The second objective of this study was to evaluate the vehicle off-road factor
and the event severity factor, based on data collected from the vehicle tracking studies.

Identification of Column Movement
The third objective was to develop a GIS algorithm to identify column
movement. Column formation is a platoon formation where vehicles travel one behind
the other. This type of formation could result in vehicles traveling in the same tracks.
The data collected from the vehicle tracking study conducted at Fort Lewis, Washington
was analyzed to determine if the vehicles were traveling in a column platoon formation.
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Chapter 3
Literature Review

Environmental Impacts
Studies have been conducted to analyze the impacts of military vehicles
on the terrain. Cole and Landres (1995) found that off-road traffic of military
vehicles affected soil characteristics by altering oxygen, water, and nutrient
content. They also found changes in pH and infiltration rate. These changes in
soil characteristics lead to decreases in seed germination, plant growth, and
reproduction for native plants.

Changes in species composition and ecological

structure (Beije, 1987; Cole and Landres, 1995) also resulted from off-road
military vehicle traffic. Similar results were found in a study at Fort Benning
(Goran et al., 1983). Off-road vehicle movement can also cause soil compaction,
rutting, and vegetation removal (Web and Wilshire, 1983). Li (2006) developed
theoretical models to predict vegetation removed by off-road vehicles. In a study
by Brown and Schoknecht (2001), it was found that single-pass tracks altered soil
attributes. Single-pass tracks initially cause compaction of the topsoil then
shallow linear depressions are formed. Prose and Wilshire (2000) observed
significant levels of soil compaction by military vehicle tracks in the Mojave
Desert. Another observation was that infiltration rates in the tracks decreased by
24 to 55 percent. Vegetative species composition was also altered after the tank
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maneuvers. Smith and Dickson (1990) found that as tire pressure increases, soil
bulk density increases at the surface. It was also found that a higher wheel load,
for a given tire pressure, caused compaction to occur to a greater depth. It was
also found that the severity of the compaction was also related to soil moisture
content (Halvorson et al., 2001).

GPS Tracking
Studies pertaining to the tracking of military vehicles have been
conducted. These were done to assess the environmental impacts of military
vehicles for sustained management of military lands (Li, 2003). Other studies
have been done to determine the feasibility of determining vehicle movement
patterns and identifying column movement (Ayers et al., 2004). Furthermore,
military vehicles have been tracked for the purpose of identifying potential roads
(Ayers et al., 2005; Wu, 2005). Wu (2005) developed an algorithm to identify
potential roads using Global Positioning System (GPS) based tracking data from a
field training exercise at Yakima Training Center. Studies by Ayers et al. (2000)
and Haugen et al. (2000) evaluated the use of GPS for tracking vehicles and
determining their dynamic properties such as velocity, turning radius, and
acceleration. Autonomous Garmin GPS35-HVS GPS receivers were used to
determine vehicle dynamic properties and to assess vehicle position during a
military training exercise at Yakima Training Center, Washington (Haugen,
2002). A similar procedure using differential Garmin GPS 18 receivers was used
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in this study to track vehicles and determine position and dynamic properties at
Fort Riley in May 2005 and Fort Lewis in October 2005.

Vehicle Movement Patterns and Multi-pass Traffic
Studies have shown that concentrated off-road vehicle traffic produces more
damage to the soil and vegetation than dispersed traffic for a given land condition.
Pearson et al. (1990) found that the soil disturbance caused by vehicle traffic was a
function of the characteristics, timing, and intensity of the traffic, thus it was maneuver
specific. Braunack (1986) reported that additional passes of the tracked vehicle resulted
in increased cone penetrometer resistance and increased rut depths.
A study by Goran et al. (1983) observed military vehicle impacts at 12 different
training installations. They found that environmental impacts and magnitude of
disturbances vary between installations, but in general, single-pass traffic produces minor
damage and only light surface disruption with minimal vegetation loss. It was also found
that frequent and repeated use of an area resulted in degradation of flora, fauna, and soils.
Grantham et al. (2001) and Abele et al. (1984) evaluated the effects of multiple straight
passes of tracked vehicles on the environment. Grantham et al. (2001) found that an
increase in vehicle passes resulted in significant damage to vertical vegetation structure,
increased erosion, and decreased soil surface stability. Abele et al. (1984) found that
multiple passes with Rolligon vehicles caused disturbance that lasted longer than light
tracked vehicles. This was likely due to the high tire pressure and wider area of
disturbance. Fuchs et al. (2003) conducted a study to determine the amount of sediment
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loss from runoff and the effects on surface plant cover and surface microtopography as a
result of tracked vehicles maneuvering in a desert military training environment. Fuchs
et al. studied both single and triple passes with the tracked vehicles under both wet and
dry seasonal conditions. It was found that the intense rainfall conditions under the wet
seasonal conditions generated significantly greater sediment losses for the triple passes.
The detrimental effects of the triple passes can last many years, particularly when the
disturbances were imposed under dry seasonal conditions.
Ayers et al. (2004) tested a variety of GPS receivers to evaluate the feasibility of
using GPS to identify vehicle column movement. Column movement is a platoon
formation where four vehicles are traveling one behind the other. Multi-track is when
they are following in the same tracks. Cross-track error is a term used to define the
distance to a line (often a regression line) for GPS data. It was found that autonomous
Garmin 35 GPS receivers can have mean cross-track errors up to 1.92 m. Ayers
recommended that WAAS differential GPS, like the Garmin GPS 18 receivers, might be
accurate enough to identify column vehicle movement. The Garmin GPS 18 receivers
need to be evaluated to estimate the mean cross track error. The cross-track error of the
Garmin GPS 18 receiver must be known to identify areas where column movement and
possible multi-track movement has occurred during the tracking study at Fort Lewis.

Vehicle Platoon Movement
There are different definitions for what constitutes a vehicle platoon. One type of
vehicle platoon movement involves military vehicles, which can travel on-road or off-
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road. When the vehicles are traveling together in a platoon they could be in any number
of vehicle formations. Kim et al. (2000) developed a model that uses ArcView to aid
commanders of military units in managing platoon formations. Their study was aimed at
identifying spatial patterns of maneuvering tanks in a tactical operation using ArcView.
The authors used ArcView Avenue to develop algorithms to analyze six patterns of attack
formation. The algorithms determined the direction heading of the platoon. Then, the
location of each tank in the platoon, relative to the platoon leader, was determined.
Direction and distance of the tanks to the platoon leader were both important. The type
of maneuver pattern was determined by the direction and distance of the tanks in a
platoon.
Kim et al. (2000) wrote that the appropriate formation of a platoon was one of the
key factors leading to victory in combat. A model that allows commanders in the higher
echelon to control the formation of a platoon using real-time data would allow very
efficient and effective command. In the Korean Army, the field manual describes six
formations used when attacking in tactical maneuvers, and they are: wedge, column, line,
vee, left flank, and right flank. These formations were shown in Figure 3-1 from Kim et
al. (2000). From an environmental impact perspective the column platoon formation
would result in the most severe damage to the vegetation and terrain because it can
induce multi-track movement.
An attempt was made to adapt this method of identifying platoons into a
method for identifying column movement for the purpose of assessing the impacts of
column movement. However, the algorithm does not properly identify column
movement when vehicles were traveling around a bend, in a curve, or making a turn. In

10

Column

Figure 3-1: Six vehicle platoon formations
Source: Kim, D. and Park, K. H. 2000. Spatial analysis of military vehicle maneuver in tactical
situation on Arcview. Presented at the 2000 ESRI Annual International Meeting, Paper
No. 707. ESRI, 380 New York Street, Redlands, CA 92373-8100 USA.
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order for the six formations to be recognized and displayed in a GIS environment two
processes were needed:
1)

The absolute location of each tank was calculated as azimuth from the
north and distance from the platoon leader’s tank.

2)

The relative location of each tank was calculated as azimuth from the
direction of platoon’s heading and distance from the leader’s tank.
Heading was defined as the line that connects the former and present
locations of the platoon leader’s vehicle. The heading line divides the left
and right side of the platoon leader's vehicle.

These steps were used to calculate the position of the tanks. Then, the area
around the platoon leader was divided into 16 equal 22.5 degree sectors. The direction of
heading was the azimuth equal to 0 or 360. The type of formation the tanks were in was
determined according to which sector each tank was in. The author recognized one
problem where if tanks were moving along a road, which would be a column formation,
the pattern may be identified as right flank because the road was non-linear. The
algorithm will yield incorrect information in this case. A similar algorithm was
considered for identifying column movement for the purpose of assessing impacts of
military vehicles at Fort Lewis. It was determined that this type of model would not be
effective in identifying column movement for the purpose of assessing impacts because
of its limitations when columns were traveling around a bend or in non-linear situations.
It was also important to note that the Army is currently developing an
autonomous Stryker for platoon movement purposes. Edmond (2006) described a field
demonstration of the autonomous Stryker at Fort Gordon, Georgia. Engineers from
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Robotic Research and US Army Tank-Automotive Research, Development and
Engineering Center (TARDEC) were involved in the project. The program seeks to bring
vehicle electronics-vetronics technology integration and robotic systems to the force.
The robotic follower program was being tested at Fort Gordon. The Crew integration and
Automation Test bed (CAT) serves as the lead vehicle in the study. Another vehicle was
an unmanned follower in the convoy. The researchers were focusing on road and convoy
missions. The average speed on road was about 22 miles per hour or 9.8 meters per
second. On straight stretches the vehicle traveled at 40 miles per hour or 17.9 meters per
second. The researchers were not using Global Positioning System (GPS) to link the
autonomous follower to the leader. Instead an algorithm using data from secondgeneration ladar (laser and radar), forward-looking infrared sensors, and advanced
computers was used to handle autonomous navigation. Jaczkowski, TARDEC electrical
engineer and manager for this Robotic Follower Advanced Technology Demonstrator
project, said that a major emphasis was being placed on developing an autonomous
navigation system that can operate independently from GPS because of the tendency for
GPS to become jammed from electronic interference in battle zones (Edmond, 2006).
The autonomous vehicle followed about 100 meters behind the leader. If the vehicle
traveled at approximately 9.8 meters per second for most of the maneuvers then this
produces a headway of approximately 10 seconds. If the autonomous vehicle traveled at
18 meters per second then a headway of 5.6 seconds was used. Headway was the time it
takes for a following vehicle to pass the same geographic location that a leading vehicle
has just passed.
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Edmond (2006) wrote that there were two objectives that the army was pursuing.
The near-term objective was to automate the function of driving in a convoy vehicle. The
function of driving could be automated and the driver could use the time to rest or
perform other duties. The long-term objective was to create dedicated unmanned
vehicles (Edmond, 2006). The payoff will be the saving of lives by allowing robots to
conduct missions in dangerous environments. Some of the information regarding how
close the rover was following was incorporated into the GIS algorithm to detect column
movement for the purpose of identifying impacts.

ATTACC Model
The formal strategy for managing military lands for sustained training and testing
is the Integrated Training Area Management (ITAM) program. Since 1995, ITAM has
used a methodology known as the Army Training and Testing Area Carrying Capacity
(ATTACC) to manage the military lands (U.S. AEC, 1999). ATTACC methodology uses
processes and algorithms to predict land rehabilitation and maintenance (LRAM) based
on training load and environmental conditions. The basic functions of ATTACC are to
estimate training land carrying capacity by relating training load, land condition, and land
maintenance practices and to provide decision support to the installation training land
manager to optimize training land usage while minimizing repair and maintenance costs.
The three components that comprise the ATTACC methodology include training load,
land condition, and land maintenance. Training load is the collective impact of all
military activities that occur on a given parcel of land. It is measured in terms of
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maneuver impact miles (MIM). Land condition is the ecological state of the land and is
measured in terms of the erosion status. Land maintenance is the collection of LRAM
and is measured in terms of type of practice, cost and effectiveness. The training load
affects the land condition, which in turn affects the land maintenance that is needed. One
MIM has the equivalent impact on soil erosion as an M1A2 tank driving one mile in an
Armor battalion (BN) field training exercise (FTX). The local condition factor (LCF),
vehicle off-road factor (VOF), and event severity factor (ESF) were customized options
for calculating the training load.
The default database containing vehicle data for various unit types and events was
gathered from various sources like the battalion level training model (BLTM), which was
an official Army database used for developing training budgets. It consists of vehicle
types, counts, and average daily mileage by event for almost every type unit in the Army.
Table 3-1 shows some default data for the ATTACC training model (ATM) (U.S. AEC,
1999).
All of the miles traveled by vehicles during training must be multiplied by several
scaling factors known as the training impact factors (TIF). The effect of this step was to
convert all of the Mileage to the equivalent M1A2 mileage, or MIMs. Many of the TIFs
were based on subjective opinion. There are several training impact factors (TIF) and
they were discussed in the following sections.
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Table 3-1: Sample ATTACC training model (ATM) unit data
Unit SRC

Unit
Description

Event
Description

Vehicle
Description

17375-AC
17375-AC
17375-AC
17375-AC
17375-AC
17375-AC
17375-AC
17375-AC

Tank BN (M1A2)
Tank BN (M1A2)
Tank BN (M1A2)
Tank BN (M1A2)
Tank BN (M1A2)
Tank BN (M1A2)
Tank BN (M1A2)
Tank BN (M1A2)

BN CPX
BN CPX
BN FTX
BN FTX
BN FTX
BN LFX
BN LFX
BN LFX

HMMWV
Truck: 2.5 Ton M35A2
HMMWV
Truck: 2.5 Ton M35A2
Tank:M1A2 M. Battle
HMMWV
Truck: 2.5 Ton M35A2
Tank: M1A2 M. Battle

Miles
/Day

Vehicle
Count

22
5
52
28
14
19
16
6

20
2
40
34
58
20
34
56

Source: U.S. Army Environmental Center. 1999. U.S. Army training and testing area carrying
capacity (ATTACC) hand book for installations. Version 1.1.

Vehicle severity factor (VSF)
The vehicle severity factor (VSF) is a multiplier that relates the impact on the
terrain by a certain vehicle to that of the standard vehicle, an M1A2 tank. A vehicle with
50 percent more impact would have a VSF of 1.5 while a vehicle with a 50 percent less
impact than a M1A2 tank would have a VSF of 0.5. These values were based on
subjective expert opinion.

Vehicle off-road factor (VOF)
The VOF is a multiplier that represents the portion of vehicle travel that is driven
off improved roads. If 85 percent of the distance traveled by an M1A2 tank was driven
off-road then the M1A2 would have a VOF of 0.85. This factor will vary by installation
based on the distance to training areas, available road network, etc. These values were
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based on subjective expert opinion. By calculating the percentages of distance traveled
off-road during the tracking studies the VOF accuracy could be improved by
implementing the results of the tracking study instead of using the VOF derived from
subjective expert opinion.

Vehicle conversion factor (VCF)
The VCF is a multiplier that represents the width of the area impacted by a given
vehicle as compared to the width of the M1A2 tank. This value was an objective value
based on the width of the tires or tracks of the vehicle compared to the M1A2 track
width. However, the VCF does not account for the scrapes made when the vehicles were
turning at a small turning radius leaving an impacted area wider than the original track
width.

Event severity factor (ESF)
The ESF is a multiplier that represents the relative impact of an event on land
condition as compared to the standard event an Armor Battalion Field Training Exercise.
The ESF for the Armor Battalion FTX was 1.0. A training event that has 30 percent less
impact than an Armor Battalion FTX has an ESF of 0.7. These values were subjective
and were based on expert opinion. Using the impact relationship for an M1A1 tank
derived from field tests at Fort Riley to assess the vegetation impacts caused during a
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maneuver that has been tracked using GPS-based vehicle tracking systems will provide
an opportunity to evaluate the event severity factors and perhaps optimize these factors.

Local condition factor (LCF)
The LCF is a multiplier that represents the level of impact that will occur based
on local weather and field conditions for a given day. Some conditions that affect the
LCF include soil moisture and temperature. If weather conditions were very wet and
three times as much impact was expected for a certain maneuver then the LCF would be
set to 3.0. Another study was conducted by Ayers et al. (2005) to assess the impacts of
vehicles under wet and dry soil conditions. This study assists in optimizing the LCFs for
the ATTACC model.

Summary
Some studies have been conducted to assess the environmental impacts of
military vehicles. Haugen (2002) conducted a vehicle tracking study using GPS
technology at Yakima Training Center and assessed the impacts on the terrain. More
vehicle tracking studies were needed to evaluate many of the subjective factors in the
ATTACC model. Studies have been conducted to evaluate the effects of multi-track
movement on the terrain. A GIS algorithm was needed to assess how frequently column
movement and possible multi-track movement occurs during actual military training
maneuvers. A GIS algorithm was developed by Kim et al. (2003) to identify different
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types of platoon movement, but the authors indicated that this method was not capable of
identifying column movement when vehicles were traveling in a curve or around a bend.
A GIS algorithm was needed to identify column movement during vehicle tracking
studies. This algorithm can be used to identify how frequently column movement and
possible multi-track traffic occurs during actual training maneuvers.
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Chapter 4
Vehicle Tracking Studies
Vehicle Tracking studies were conducted at Yakima Training Center, Washington
in October 2001 (Haugen, 2002); Fort Riley Military Installation, Kansas in May 2005;
and Fort Lewis Military Installation, Washington in October 2005. This chapter
describes the vehicle tracking studies, the vehicles tracked, and the characteristics of each
maneuver. Specifics of the vehicle tracking system (VTS) used at Yakima Training
Center were described in the thesis by Haugen (2002). The system consisted of a Garmin
35 GPS receiver (autonomous), a Pocket PC, 12 V Odyssey batteries, and a protective
case. A new system was used for the tracking studies conducted at Fort Riley and Fort
Lewis.

New Vehicle Tracking System (VTS)
The system developed for vehicle tracking consists of a Wide Area Augmentation
System (WAAS) differential Global Positioning System (GPS) receiver, serial data
recordor (SDR), data storage card, batteries, and case. The system was designed to have
minimal impact on the activities of military personnel operating the vehicle. The selfcontained system required no electrical connection to the vehicle power supply and can
collect up to eight days of GPS positional data.
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Global positioning receiver
The Garmin 18 GPS receiver (Figure 4-1) was selected for the vehicle tracking
system because it is small, lightweight (3.9 oz), has a wide range of operating
temperatures (-30°C to 85°C), and a wide range for input voltage (6 to 40VDC
unregulated). The Garmin 18 GPS receiver has one cable through which the power was
supplied to the receiver and another cable that outputs GPS data to the serial data
recorder. The Garmin 18 can track up to twelve satellites and was programmed to output
the $GPGGA and $GPRMC National Marine Electronic Association (NMEA) strings
every second. When available WAAS differential correction was provided. The receiver
has a magnetic mount that can be placed on the VTS box or vehicle. The receiver needs
access to the sky to acquire a position and access to the southern sky to acquire
differential corrections from the WAAS satellite.

Figure 4-1: Garmin 18 GPS receiver
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Serial data recorder (SDR)
The Acumen Serial Data Recorder (Figure 4-2) was used to record GPS data. A
128 MB Compact Flash card (only 64 MB cards needed for the four day configuration)
was used to store data in the vehicle tracking system. The SDRs can operate on 8 to 15
volt DC power.

Power supply and power accessories
The Odyssey rechargeable Drycell 12 volt battery (Figure 4-3) was selected for
the vehicle tracking system power because the battery can provide at least 10 volts for 17
amp-hours. The battery provides approximately 96 hours of power to the Garmin 18 and
SDR. Two 12 V batteries wired in parallel can power the VTS for approximately eight
days. The Odyssey rechargeable Drycell 12VDC battery is of starved electrolyte dry cell
electrochemical design and can be air-freighted. Simple 12 V automotive plugs were
used to attach the battery to the Garmin GPS18 and SDR.

Protective case
A Kinetics dry case (Figure 4-4) was used to house the vehicle tracking system
equipment. A hole was drilled in the side of the case for the Garmin GPS18 cables, the
case was watertight, shock proof, has a wide temperature range. The SDR, two batteries,
wire connections, and power accessories fit easily into the case (35.56 cm (14 in) x 26.92
cm (10.6 in) x 15.49 cm (6.1 in) outside, 34.04 cm (13.4 in) x 22.61 cm (8.9 in) x 14.22
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Figure 4-2: Serial data recorder (SDR)

Figure 4-3: Dry cell Odyssey batteries (12 V)
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Figure 4-4: Hard protective case used to hold the VTS components

cm (5.6 in) inside). Foam padding was used to secure the accessories inside the case.
The case weighs approximately 133 N (30 lbs) with two batteries and all equipment.

Yakima Training Center, Washington
Haugen (2002) conducted a vehicle tracking study at Yakima Training Center,
Washington in October of 2001. Since the results of the evaluation of the vehicle
tracking studies conducted at Fort Riley and Fort Lewis were compared to the results
from the vehicle tracking study conducted by Haugen, it was necessary to describe the
vehicle tracking study that was conducted by Haugen at Yakima Training center in
October 2001. Haugen (2002) writes:
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The 1/14 Cavalry of the 3rd Brigade of the United States Army performed a
reconnaissance training exercise at Yakima Training Center in Yakima,
Washington during the month of October 2001. The 3rd Brigade, 1/14
Cavalry utilized only wheeled vehicles and consisted of three troops
(Alpha, Bravo, and Charlie) where each troop was divided into five
platoons (Headquarters, 1st, 2nd, 3rd and Mortar). The reconnaissance
training exercise performed by the 3rd Brigade, 1/14 Cavalry included three
missions: zone reconnaissance, screen line, and area security. Each of the
troops in the 3rd Brigade, 1/14 Cavalry had approximately twenty vehicles
(four for each of five platoons), and those vehicles included Light Armored
Vehicles (LAV), Henschel Defense Systems Transportpanzers (FUCHS),
High Mobility Multipurpose Wheeled Vehicles (HMMWV and CARGO
HMMWV), and 5 ton Cargo Trucks (FMTV).
The three missions of the reconnaissance training exercise were performed
in different orders by each of the three troops. Alpha troop performed
them in the order of screen line, then zone reconnaissance, followed by
area security. Bravo troop performed area security first, screen line, and
finally zone reconnaissance. Charlie troop started with screen line, then
area security, and finished with zone reconnaissance. The troops
performed each of the missions for approximately three days and
descriptions of the missions were contained in Table 4-1. The troops also
performed the missions in the same areas of Yakima Training Center,
where the Screen Line was performed just south of the central impact area,
the area security was performed in the North-East portion of the training
center, and the zone reconnaissance was performed in the central eastern
portion of the training center. Figure 4-5 shows the areas of Yakima
Training Center where the 3rd Brigade, 1/14 Cavalry performed each of
their training missions.
Vehicle tracking systems were installed on vehicles in the 3rd Brigade,
1/14 Cavalry to record the positions and dynamic properties of those
vehicles at Yakima Training Center during the ten day reconnaissance
training exercise. A total of twenty vehicle tracking systems were installed
on vehicles in the 3rd Brigade 1/14 Cavalry, six systems on Alpha troop,
and seven systems each on Bravo and Charlie troops, Table 4-2 lists the
vehicles tracked during the exercise.

Fort Riley Military Installation, Kansas
During the week of 15 May 2005 the 1-34 armored regiment, 1st Brigade, 1st
Infantry Division executed a maneuver, which lasted four days. The maneuver was
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Table 4-1: Descriptions of reconnaissance training missions
Mission
Area Security

Screen Line

Description
Provide reconnaissance and security in support of
designated personnel, facilities, unit convoys, main
supply routes, lines of communications, high value
assets, equipment, and critical points
A screening force provides early warning to the main
body and impedes and harasses the threat with direct
and indirect fires, conducted on the front, flanks, and
rear of a stationary force and to the flanks and rear of a
moving force; establishes a series of operating positions
and conducts patrols to ensure adequate reconnaissance
and surveillance of the assigned sector; the platoon may
suppress threat reconnaissance units with indirect fires
in coordination with other combat elements

Provide detailed information about a zone, before forces
were maneuvered through the zone; provide detailed
picture of how the threat plans to occupy the zone; can
be terrain-oriented, force-oriented, or both; the
Zone
reconnaissance platoon conducts terrain-oriented zone
Reconnaissance reconnaissance to gain detailed information about
routes, terrain, and resources within the zone; the
reconnaissance platoon conducts force-oriented zone
reconnaissance to gain detailed information about threat
forces within the zone
Source: Haugen, L. B. 2002. Design and testing of a vehicle tracking system for monitoring
environmental impact at U.S. army training installations. M.S. Thesis. Colorado State
University. Fort Collins, Colorado.
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Yakima Training Center
Area
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Figure 4-5: Reconnaissance mission areas at YTC.
Source: Haugen, L. B. 2002. Design and testing of a vehicle tracking system for monitoring
environmental impact at U.S. army training installations. M.S. Thesis. Colorado State
University. Fort Collins, Colorado.
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Table 4-2: Travel characteristics summary from the 3rd Brigade 1/14
Cavalry at Yakima Training Center

Days of
Tracking
Data

Percent Avg Distance
Moving on road
(%)
per Day (km)

Company

Platoon

Vehicle
Type

ALPHA

1ST

FUCHS

2.5

7.9

32.3

ALPHA

1

ST

1.5

6.7

20.0

ALPHA

3RD

8.6

6.9

31.2

ALPHA

3RD

FUCHS
CARGO
HMMWV
CARGO
HMMWV

ALPHA

2ND

8.9

10.2

18.3

ALPHA

2ND

HMMWV
CARGO
HMMWV

8.8

10.9

46.4

BRAVO

3RD

8.9

9.0

32.5

BRAVO

3RD

HMMWV
CARGO
HMMWV

8.7

10.0

41.4

BRAVO

2

ND

LAV

0.3

24.7

89.8

2

ND

LAV

8.6

9.5

38.2

BRAVO

1

ST

FUCHS

8.7

8.9

32.9

BRAVO
BRAVO

1ST
Mortar

FUCHS
HMMWV

6.2
4.4

7.7
8.3

34.7
35.1

CHARLIE
CHARLIE

3RD
HQ

LAV
LAV

2.9
8.7

4.4
2.1

15.9
11.0

CHARLIE

1ST

LAV

8.0

7.4

33.2

CHARLIE

1

ST

LAV

8.8

7.2

31.0

CHARLIE

3RD

LAV

1.3

5.1

19.4

CHARLIE

2ND

LAV

8.8

6.2

25.6

CHARLIE

2ND

LAV

8.6

6.4

30.8

BRAVO

Source: Haugen, L. B. 2002. Design and testing of a vehicle tracking system for
monitoring environmental impact at U.S. army training installations. M.S.
Thesis. Colorado State University. Fort Collins, Colorado.
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similar to maneuvers being conducted in Iraq at the time. The data was used to analyze
vegetation removal of an Iraq-specific maneuver. It was believed that the Iraq-specific
missions involve more highway road-side interrogation and less off-road vehicle
movement. Nineteen vehicle tracking systems (VTS) were mounted on vehicles during
the tracking study at Fort Riley, Kansas in May of 2005. Figure 4-6 shows the M1A1
Abrams combat tank. It is a tracked armored tank with a combat weight of 560,476 N
(126,000 lbs). According to the specification plate, the overall length of the vehicle is
903 cm (356 in), with a tread width of 61 cm (24 in), a height of 290 cm (114 in) and
vehicle width of 366 cm (144 in). The ground pressure applied with a T-158 track is 96.5
kPa (14 lb per square inch). Figure 4-7 shows the M2A2 Bradley fighting vehicle. This
vehicle is lighter than the M1A1 Abrams, but maneuvers at approximately the same
speed during combat. It is a tracked armored tank with a combat weight of 291,280 N
(65,482 lbs), according to the specification plate. The overall length of the vehicle is 655
cm (258 in), with a tread width of 53 cm (20.8 in), a height of 345 cm (136 in) and
vehicle width of 361 cm (142 in). Figure 4-8 shows the M998 high mobility multipurpose wheeled vehicle (HMMWV). The vehicle has a maximum loaded weight of
34,251 N (7,700 lb). The overall length of the HMMWV was 457 cm (180 in), a height
of 183 cm (72 in), and width of 216 cm (85 in).
One VTS was mounted on each of the 19 vehicles being tracked in the study.
Each of the vehicles was equipped with a VTS on May 15, and the VTS was turned on.
Position data was recorded continuously until early May 19, when the VTS's were
removed from the vehicles. A method similar to that used by Haugen (2002) was used to
analyze the percentages of on-road and off-road traffic. The first task was to remove the
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Figure 4-6: M1A1 Abrams combat tank
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Figure 4-7:M2A2 Bradley fighting vehicle
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Figure 4-8: M998 high mobility multi-purpose wheeled vehicle (HMMWV)
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non-moving data. Haugen (2002) determined that speed over ground (SOG) could be
used to indicate whether or not the vehicle was moving. Since the VTS records the
vehicle position every second, a large percentage of the data was non-moving data.
Removing the non-moving data based on SOG decreased the data file size and made the
on-road and off-road data analysis easier.
A description of the travel characteristics of the vehicles tracked in this study can
be seen in Table 4-3. Vehicle in Bravo, Bushmaster, and Cobra Company were tracked.
The vehicles were tracked for four days, but some of the vehicles had less than four days
of data. This could have been due to loss of GPS satellites or a malfunction in the VTS,
causing data to not be logged. The valid data column indicates what percent of the data
collected had a GPS position fix. Data with a SOG of less than 1 knot (0.51 m/s) was
considered non-moving data. The vehicles spent anywhere from 2.4 percent to 10.8
percent of their time moving. Velocity was calculated using a position rate change
method. Data was collected every second, so the distance between data points divided by
the 1 s increment yields velocity. The total moving distance was calculated by
integrating the velocities of the moving data. The bumper number describes the
company, platoon, and position. The first letter corresponds to the troop. In this case A,
B, and C corresponds to Bushmaster, Bounty, and Cobra, respectively. The first number
corresponds to the platoon (1st platoon, 2nd platoon, 3rd platoon), and the second number
corresponds to the vehicle position within the platoon. The platoon leader is 1. The
platoon leader wing is 2. The platoon sergeant wing is 3. The platoon sergeant is 4. A13 represents the vehicle that was Bushmaster Company, first platoon, platoon sergeant
wing.
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Table 4-3: Vehicle travel characteristics at Fort Riley
Days
Bumper
of
Percent
Number Vehicle Data Valid
A-11
A-21
A-31
A-32
A-34
A-33
A-HQ1
A-HQ2
B-11
B-14
B-13
B-12
B-31
C-11
C-21
C-22
C-24
C-HQ1
C-HQ2

M998
M998
M2A2
M2A2
M2A2
M2A2
M1A1
M1A1
M2A2
M2A2
M2A2
M998
M998
M998
M998
M998
M998
M1A1
M1A1

4.08
4.05
2.97
4.09
4.09
4.09
4.09
4.09
4.05
4.05
3.43
4.06
4.05
4.02
4.11
4.09
4.09
4.09
4.08

100.0%
100.0%
99.6%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
99.6%
100.0%
99.5%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%

Total
Average
Percent Percent
Distance Velocity
Moving Differential (km)
(m/s)
10.8%
9.4%
3.1%
9.8%
10.1%
6.2%
2.4%
4.2%
9.5%
9.2%
7.7%
5.2%
9.6%
8.5%
8.2%
8.3%
8.5%
7.9%
7.7%

46%
98%
NA
79%
90%
71%
54%
NA
92%
90%
89%
NA
15%
0%
64%
88%
85%
66%
93%

250.65
227.41
51.32
240.89
242.91
158.84
53.09
82.74
216.74
219.77
147.63
126.57
222.04
201.99
191.11
196.81
194.88
181.45
187.30

6.6
6.9
6.4
6.9
6.8
7.3
6.4
5.6
6.5
6.8
6.4
6.9
6.6
6.8
6.6
6.7
6.5
6.5
6.9
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Fort Lewis Military Installation, Washington
A vehicle tracking study was conducted at Fort Lewis Military Installation,
Washington from October 17, 2005 through October 24, 2005. A total of nineteen
Strykers were tracked for eight days using GPS-based vehicle tracking systems (VTS)
during a military training maneuver. Vehicles from Alpha, Bravo, and Charlie Company
were tracked. VTS with Garmin 18 GPS receivers recorded data every second. Figure 49 shows a photograph of a Stryker with a GPS-based VTS mounted in the luggage rack.
The Stryker is a diesel fueled eight-wheeled vehicle with a maximum curb weight of
136,600 N and a maximum gross weight of 167,500 N. The vehicle length is 6.98 m, and
the tread width was 2.3 m (center to center). The tires were Michelin X, with a width of
27.9 cm and diameter of 111.8 cm. The vehicle was capable of varying tire pressure. The
Stryker is very similar to its predecessor the light armored vehicle (LAV), which was
tracked at Yakima Training Center in October of 2001.
Information regarding distances traveled and average velocities for all of the
vehicles can be seen in Table 4-4. This table refers to the total distance traveled and the
average velocity for the entire maneuver. It can be seen that the vehicles in the same
platoon have similar travel characteristics and thus were likely moving together at times.
The bumper number describes the company, platoon, and position. The first letter
corresponds to the troop. In this case A, B, and C corresponds to Alpha, Bravo, and
Charlie, respectively. The first number corresponds to the platoon (1st platoon, 2nd
platoon, 3rd platoon), and the second number corresponds to the vehicle position within
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Figure 4-9: Stryker with a GPS-based VTS mounted in the luggage rack (GPS circled)
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Table 4-4: Vehicle travel characteristics at Fort Lewis
Days
Bumper of
Percent Percent Percent
Total
Number data Valid
Moving Differential Distance
(km)
A-11
8.08 99.7%
3.8%
10%
191.85
A-12
8.08 100.0%
4.5%
9%
228.01
A-13
8.04 99.8%
5.1%
0%
310.37
A-14
8.00 99.9%
6.1%
6%
425.37
B-12
3.88 100.0%
2.2%
8%
104.71
B-13
3.88 100.0%
2.6%
10%
113.71
B-14
3.88 100.0%
2.6%
10%
142.21
B-21
3.92 100.0%
1.8%
5%
59.96
B-22
3.92 99.9%
1.8%
11%
50.61
B-23
3.88 98.9%
1.8%
4%
50.67
B-24
3.88 100.0%
3.1%
4%
70.97
C-11
8.04 100.0%
2.4%
6%
124.77
C-12
8.04 100.0%
2.2%
5%
99.75
C-13
8.04 100.0%
2.1%
9%
101.30
C-14
8.04 100.0%
2.6%
7%
125.92
C-21
8.04 100.0%
1.4%
12%
95.72
C-24
8.04 100.0%
1.2%
8%
81.17
C-31
8.00 100.0%
2.3%
11%
147.27
HQ-63 8.08 100.0%
4.7%
21%
245.48

Average
Velocity
(m/s)
7.6
7.7
9.2
10.5
7.3
7.0
8.3
5.1
4.6
4.7
5.1
8.0
7.1
7.4
7.5
10.6
10.9
10.2
8.0
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the platoon. The platoon leader is 1. The platoon leader wing is 2. The platoon sergeant
wing is 3. The platoon sergeant is 4. A-13 would represent the vehicle that is Alpha
Company, first platoon, platoon sergeant wing.
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Chapter 5
Predicting Vegetation Impacts

Introduction
Studies have been conducted to evaluate the environmental impacts of military
vehicles, but more work is needed to assess the impacts during actual military training
maneuvers. This study focuses on predicting vegetation impacts caused by training at
different installations. The impacts were assessed in terms of vegetation removed.
Vegetation removal can lead to land degradation and soil erosion at installations,
potentially having a negative impact on water quality. Land managers at these military
installations must manage the land so it is sustained for future use.
Studies by Ayers et al. (2000) and Haugen et al. (2000) evaluated the use of
Global Positioning System (GPS) for tracking vehicles and determining their dynamic
properties such as velocity and turning radius. Haugen (2002) predicted vegetation
removal caused by light armored vehicles (LAV's) during training at Yakima Training
Center. Wu (2005) developed a GIS algorithm to identify potential roads that were not
indicated on the Yakima roads map. Methods similar to the methods used by Haugen
(2002) were used to analyze data from the vehicle tracking studies conducted at Fort
Riley and Fort Lewis. Vehicle impact relationships relating cumulative impact width to
turning radius were developed for the Stryker at Fort Lewis (Ayers et al., 2002) and the
M1A1, M2A2, and M998 HMMWV at Fort Riley (Ayers et al., 2004 and Ayers et al.,
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2005). These relationships were used in conjunction with the vehicle tracking data to
estimate the impacts on the terrain left by the vehicles traveling off-road at Fort Lewis
and Fort Riley.
A Stryker Battalion was involved in the maneuvers at Fort Lewis Military
Installation in October of 2005. The M1A1 Abrams combat tank, M2A2 Bradley
fighting vehicle, and M998 high mobility multi-purpose wheeled vehicle (HMMWV)
were involved in the training maneuver conducted at Fort Riley Military Installation in
May of 2005. Many vehicles were involved in the training maneuver at Yakima Training
Center in October of 2001. Haugen (2002) assessed the vegetation impacts for five
LAVs.

Vehicle Impact Relationships
The impact caused by a vehicle on the vegetation is dependent on the type of
vehicle, the weight of the vehicle, whether the vehicle is tracked or wheeled, and the
dynamic properties of the vehicle, including velocity and turning radius. Li (2006) has
developed theoretical models that predict vegetative disturbance based on vehicle and
soil properties. In this study, empirical models were developed to relate vegetative
disturbance to vehicle dynamics properties (turning radius and velocity). Ayers et al.
(2002) developed an empirical relationship for cumulative impact width as a function of
turning radius for the Light Armored Vehicle (LAV, predecessor to the Stryker) at Fort
Lewis. Both low speed (Equation 5.1) and high speed (Equation 5.2) relationships were
developed for the LAV. Empirical impact relationships for the M1A1 and HMMWV
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vehicles were developed by Ayers et al. (2004) at Fort Riley. Ayers et al. (2005) later
developed an empirical impact relationship for the M2A2 at Fort Riley. Equation 5.3,
Equation 5.4, and Equation 5.5 are the vehicle impact relationships for the M1A1, M2A2,
and M998, respectively. M998 HMMWV impacts were very low and showed a lot of
variability. The M998 HMMWV relationship is not well defined compared to the M1A1
and M2A2 relationships. Small differences were seen between the high speed and low
speed relationships so only one relationship was developed using both the high speed and
low speed data for the M1A1, M2A2, and M998 vehicles at Fort Riley. Cumulative
impact width is equal to the disturbed width multiplied by the impact severity. The
disturbed width is a measurement across the vehicle track of the width of the soil and
vegetation impacted by the vehicle. The impact severity is the percentage of the
vegetation in the area of the disturbed width that has been damaged or removed by the
vehicle and was visually determined. Plots of cumulative impact width verses turning
radius for the different vehicles can be seen in Appendix B. Table B-1 from Simmons
(2004) contains the guidelines for assigning impact severity values and can be found in
Appendix B.
LAV - low speed:
CIW = 105.8*TR-0.67

Equation 5.1

LAV - high speed:
CIW = 283.7*TR-0.66

Equation 5.2

CIW = 1293.8*TR-0.81

Equation 5.3

M1A1:
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M2A2:
CIW = 697.5*TR-0.80

Equation 5.4

M998 HMMWV:
CIW = 14.959*TR-0.07

Equation 5.5

These relationships were used in conjunction with tracking data from the
maneuvers where the vehicles were tracked using global positioning system (GPS). The
relationships were used to assess the vegetation impacts during the maneuver by
calculating the area (m2) of vegetation removed from the training area as a function of the
vehicle dynamic properties.

Distinguishing between high speed and low speed traffic at Fort Lewis
It was observed that the LAV slowed down as it went into the turn when
operating in a spiral pattern for both the high and low speed spirals. This phenomenon
can be seen in Figure 5-1. The velocity of the LAV was plotted as a function of turning
radius. It can be seen that at low turning radii (less than 30 m) for both the high and low
speed spirals the LAV slowed down in order to make the turn. This created an
interaction between velocity and turning radius. Velocity alone could not be used to
distinguish whether to use the high or low speed vehicle impact relationship. The turning
radius of the vehicle must also be considered. An envelope equation was developed that
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Velocity vs. Turning Radius
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Figure 5-1: Envelope equation that differentiates high and low speed traffic

separated the high and low speed data. If the velocity of a data point collected during the
vehicle tracking study falls above the envelope equation then the high speed relationship
was used to estimate cumulative impact width. If the data point falls below the envelope
line then the low speed relationship was used.

Identifying Off-road Traffic - Fort Lewis
It was necessary to identify off-road traffic, before estimating vegetation removal.
ArcGIS roads maps were obtained at each installation. A buffer from the road in GIS
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was used to identify on-road and off-road traffic. The study by Haugen (2002) used
ArcGIS road buffers of 30 m to determine if vehicles were traveling on-road or off-road.
The VTS used in this study utilized Garmin 18 GPS receivers programmed to use WAAS
differential correction.
The moving data was divided into on-road and off-road data. A satisfactory offroad data set was developed to analyze the tracking data collected during the maneuvers
conducted at Fort Lewis, Washington in October of 2005. The off-road data set was used
to estimate the cumulative vegetation impacts of the maneuver. It was also used to
identify off-road column movement which can result in multi-track traffic. If the off-road
data set was inaccurate due to GPS errors sustained during the vehicle tracking study or
during the road map formulation, this could be detrimental to the estimation of the
vegetation impacts caused by the vehicles during the tracking maneuvers. In addition,
the estimates of distances traveled off-road could be inflated if on-road traffic was
included in the off-road data set due to GPS tracking errors or erroneous road map
information.
Due to either GPS tracking errors or GIS road map errors at Fort Lewis, it was
believed that on-road data was being included in the off-road data set when a simple
ArcGIS road buffer of 10 and even 30 m was used to distinguish between on-road and
off-road traffic. This could be due to poor georeferencing of roads maps. There is no
standard for how these roads maps are developed at the installations. Poor GPS
accuracies and heavily forested conditions could be a source of positional error. Existing
roads not on the roads map could be another source of error. Wu (2005) developed a GIS
algorithm to identify unmarked roads using vehicle tracking data. The points were
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believed to be on-road traffic because they had high velocities and were parallel to the
actual road identified in the ArcGIS road map of Fort Lewis. Figure 5-2 shows some onroad data that was believed to have been erroneously included in the off-road data set
when using a 30 m buffer. The characteristics (velocity and COG) of the data points lead
us to believe that the vehicle was actually traveling on road. A procedure was needed to
exclude suspected on-road movement from the off-road data set.

Procedure for eliminating the suspected on-road data from the off-road data set
The purpose of this procedure was to find a satisfactory off-road data set that can be used
in the analysis of the terrain impact tracking data at Fort Lewis. This data set was used to
estimate the impacts of the terrain and to characterize the off-road column movement.
There were two parts that were combined to achieve a satisfactory off-road data set and
they are:
i. Choosing an appropriate ArcGIS road buffer size
ii. Determining an appropriate maximum cut-off velocity to include in the offroad data set.

Part 1: Choosing an appropriate ArcGIS road buffer size
Garmin 18 GPS receivers programmed to be WAAS differentially corrected were
used in this tracking study at Fort Lewis but it was believed that tree cover affected GPS
accuracy (only 8.3% of the moving data was differentially corrected) and caused much of
the on-road traffic to be identified as off-road traffic. Figure 5-3 shows the off-road data
when a road buffer of 10 m was used. Figure 5-4 shows the off-road data when a 30 m
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Figure 5-2: Suspected on-road data included in the off-road data (30 m buffer)
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Figure 5-3: Off-road data identified using a 10 m buffer at Fort Lewis
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Figure 5-4: Off-road data identified using a 30 m buffer at Fort Lewis
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buffer was used. Figure 5-5 shows the off-road data when a road buffer of 60 m was
used. Figure 5-6 shows the off-road data when a road buffer of 90 m was used. By
viewing these figures, it can be seen that as the size of the ArcGIS road buffer increases,
the number of data points included in the off-road data set decreases. There were
346,129 total moving data points. The 10 m, 30 m, 60 m, and 90 m, buffers included
152,437; 80,376; 54,843; and 43,580; off-road data points respectively.
The maximum and mean velocity for the off-road data points also decreases as the
size of the road buffer increases. By visually inspecting the maps of the off-road data, it
appears that the 60 and 90 m buffers eliminate much of the suspected on-road data that
was parallel to a road. The problem was that when the buffers were that large, much of
the true off-road data could be lost. Therefore, a buffer of 30 m was used in order to be
consistent with the previous tracking studies that were conducted at Yakima Training
Center, Washington and Fort Riley, Kansas. A critical cut-off velocity was also
established. This critical cut-off velocity set a maximum velocity to be included in the
off-road data set. Vehicles traveling at a velocity equal to or greater than the critical
velocity were likely traveling on-road. Vehicle moving data points that were not filtered
out by the 30 m road buffer, but have a velocity greater than the critical velocity were
moved back to the on-road data set.

Part 2: Procedure for developing the critical maximum velocity
The histograms for the velocity values associated with each data point were
developed for the 30, 60, and 90 m buffered off-road data sets to characterize the velocity
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Figure 5-5: Off-road data identified using a 60 m buffer at Fort Lewis
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Figure 5-6: Off-road data identified using a 90 m buffer at Fort Lewis
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frequencies associated with each off-road data set. Figure 5-7 shows the velocity
histogram for the off-road data obtained using a 30 m road buffer. Figure 5-8 shows the
velocity histogram for the off-road data obtained using a 60 m road buffer. Figure 5-9
shows the velocity histogram for the off-road data obtained using a 90 m road buffer.
1) By inspecting the characteristics of the histogram, it was estimated that
approximately 99% of the data in the off-road data set that was obtained by using
a 90 m buffer was truly off-road data.
2) The velocity values for all of the off-road data points were sorted descending.
3) This example shows how the critical velocity for the 30 m buffer was found:
43580*0.01 = 435.80, so the 436th observation, when the data was sorted
descending, was the break point for the highest 1% of the data.
4) The 99% velocity value for the 90 m buffered off-road data sets was found to be
11.26 m/s.
5) All data points in the 30 m off-road data set that had a velocity greater than 11.26
m/s were not included in the off-road data set. A visual display of this off-road
data set can be seen in Figure 5-10. The histogram of the velocities within this
data set can be seen in Figure 5-11. While not a perfect data set (i.e. some onroad traffic may be included and some true off-road data may be excluded), this
procedure gives us the best data set that can be obtained using a repeatable
method.
The critical velocity of 11.26 m/s matches the maximum velocity driven by the
military personnel during high-speed off-road maneuver tests (11.11m/s, see Figure B-2).
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Figure 5-7: Velocity histogram off-road data (30 m buffer)

Figure 5-8: Velocity histogram off-road data (60 m buffer)

Figure 5-9: Velocity histogram off-road data (90 m buffer)
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Figure 5-10: Final off-road data set identified by using a 30 m buffer and a maximum
velocity of 11.26 m/s at Fort Lewis

54

Figure 5-11: Velocity histogram for the final off-road data set (30 m buffer, velocity max)

In the off-road maneuver tests, military personnel were told to drive the maximum speed
that they would during a typical off-road maneuver. After the test was performed, the
velocity of the vehicle was calculated from the GPS tracking data and the impact of the
vehicle on the terrain was evaluated as a function of turning radius. Using the critical
maximum velocity approach combined with the 30 m road buffer reduced the number of
data points included in the off-road data set from 80,376 (using just the 30 m road buffer)
to 68,582 data points using the combined approach. The number of data points included
in the off-road data set was reduced by 14.67 percent. Table 5-1 shows information
regarding distances traveled off-road and percentage of distance traveled off-road.
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Table 5-1: Distance traveled and off-road percentages at Fort Lewis
Bumper
Number
A-11
A-12
A-13
A-14
B-12
B-13
B-14
B-21
B-22
B-23
B-24
C-11
C-12
C-13
C-14
C-21
C-24
C-31
HQ-63

Total
moving
distance
(km)
191.85
228.01
310.37
425.37
104.71
113.71
142.21
59.96
50.61
50.67
70.97
124.77
99.75
101.3
125.92
95.72
81.17
147.27
245.48

OffPercent of
road
distance
distance off-road
(km)
18.49
9.6%
26.49
11.6%
20.58
6.6%
17.49
4.1%
10.09
9.6%
10.57
9.3%
11.59
8.2%
12.18
20.3%
12.89
25.5%
12.94
25.5%
12.86
18.1%
13.77
11.0%
13.53
13.6%
14.1
13.9%
14.84
11.8%
2.13
2.2%
1.09
1.3%
4.52
3.1%
41.39
16.9%

Average
off-road
velocity
(m/s)
4.07
4.33
4.47
4.44
4.28
3.91
5.01
3.95
3.5
3.47
3.92
3.48
3.47
3.86
3.28
2.13
1.58
3.85
4.13
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Identifying Off-road Traffic - Fort Riley
Using a method similar to the method used at Fort Lewis, the moving data from
the vehicle tracking study at Fort Riley was divided into on-road and off-road data using
a 30 m GIS road buffer. Due to good GPS position accuracy and road map accuracy no
critical velocity filter was needed. This could also be due to the lack of tree cover at Fort
Riley. Fort Lewis had heavy tree cover, which could have lead to poor GPS position
accuracy. A satisfactory off-road data set was developed using the GIS roads buffer.
The percentage of on-road and off-road traffic for the maneuvers conducted at Fort Riley
in May of 2005 has been determined. Figure 5-12 shows the off-road data for the
vehicles tracked during the maneuver at Fort Riley. A zoom view of a training area that
had a large amount of off-road traffic is shown. Table 5-2 shows a summary of the
distances traveled off-road and on-road at Fort Riley.

Combining Vehicle Impact Relationship and Off-road Traffic
The following procedure details how the impact relationships were combined with
the vehicle tracking data from the maneuvers to estimate the amount of vegetation
removed. The result was the total area of vegetation removed in each training area. The
results show how the vegetation impacts were distributed spatially and estimate how
much damage was caused in individual training areas. The impacts were also
summarized to indicate how much vegetation was removed by the different vehicle types.
The method was as follows:
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Figure 5-12: Off-road traffic at Fort Riley using a 30 m GIS road buffer
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Table 5-2: Summary of travel characteristics at Fort Riley

Bumper
Number

Vehicle

A-11
A-21
A-31
A-32
A-34
A-33
A-HQ1
A-HQ2
B-11
B-14
B-13
B-12
B-31
C-11
C-21
C-22
C-24
C-HQ1
C-HQ2

M998
M998
M2A2
M2A2
M2A2
M2A2
M1A1
M1A1
M2A2
M2A2
M2A2
M998
M998
M998
M998
M998
M998
M1A1
M1A1

Total
Moving
distance
(km)
250.65
227.41
51.32
240.89
242.91
158.84
82.74
53.09
216.74
219.77
147.63
126.57
222.04
201.99
191.11
196.81
194.88
187.3
181.45

Off-road
distance
(km)
12.25
5.66
1.50
11.07
10.30
4.22
1.91
1.29
4.40
4.48
3.51
1.69
6.64
7.31
6.85
7.17
6.14
5.05
7.16

Percent
of
distance
off-road
4.9%
2.5%
2.9%
4.6%
4.2%
2.7%
2.3%
2.4%
2.0%
2.0%
2.4%
1.3%
3.0%
3.6%
3.6%
3.6%
3.1%
2.7%
3.9%
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1) The relationship relating CIW to turning radius and velocity was developed.
2) The CIW for each point in the data base file (.dbf) file of the shape file for each
vehicle involved in the tracking study was calculated as a function of turning radius and
velocity at that point. CIW (cm) was converted to CIW (m) by dividing by 100. The
CIW (m) was multiplied by the velocity (m/s) to get an area (m2). Velocity was
measured every second so essentially the integration of the velocity for 1 second yields
the distance. The calculations were saved as a new comma separated values (.csv) file.
3) The .csv file was input into ArcGIS and the X and Y data (Easting and Northing) was
displayed and exported as a shape file and added to the map.
4) The block area for the training installation (shape file that contains the boundary of
the training installation and was sub-divided into training areas) was joined to each point
in the vehicle shape file by right-clicking on the vehicle shape file and using the join
based on spatial location. This assigned each moving vehicle point the name of the
training area in which it was located. This allowed the vegetation removal caused by the
moving vehicles to be analyzed spatially.
5) The block area attribute in the newly joined shape file was summarized by giving each
block area the sum of the impact areas that fell within the block areas. This calculated
the total vegetation removed from each training area by each vehicle.
6) The summarized files for each vehicle were joined to the summary file for the first
vehicle based on the attribute training id. The total area impacted by all of the vehicles at
each block was calculated by summing the area impacted for each vehicle.
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7) The impact .csv file was joined back to the block area feature shape file. Each block
had an impacted area value. The blocks that did not have any area impacted had an
impact of 0 m2.

Fort Lewis Impact
The vehicle impact relationship for the Stryker at Fort Lewis was applied to the
off-road data from Fort Lewis to estimate the amount of vegetation removed as a result of
the training activity. The method for applying the vehicle impact relationships to the offroad data (discussed in an earlier section of this chapter) was applied to the Fort Lewis
off-road data and the results were presented in this section. Figure 5-13 shows the areas
impacted during the training maneuver at Fort Lewis Military Installation. The map
indicates the area of vegetation removed in specific training areas. It can be seen that the
impact of the maneuver was spatially distributed. Figure 5-14 shows the predicted
square meters of vegetation per hectare removed for each training area that was impacted
by the maneuver. The predicted area of vegetation removed was divided by the total land
area of the training area minus the area of the roads and trails with a 30 m buffer inside
the training areas. This fraction was multiplied by 100 to calculate the percent of
vegetation removed. In general the impacts on the individual ranges were displayed from
light to dark where light shade indicates less impact and dark shade indicates more
impact occurred. The results were summarized in Table 5-3. Training Area TRA1A
sustained the most impact some data points representing actual vehicle movements can be
seen in Figure 5-15.
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Figure 5-13: Square meters of vegetation removed at Fort Lewis
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Figure 5-14: Estimated square meters of vegetation removed per hectare at Fort Lewis
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Table 5-3: Results of the vegetation impact study at Fort Lewis

Range
Name
TRAIA
3600
TR006
TR010
TRCIA
3100
TR008
3400
TR016
3900
TR00C
TR03N
TR03S

Total Land
Area
Category
Cantonment

Cantonment
Cantonment
Cantonment

(m2)
15728080
229558
851805
4768224
5011686
624892
929189
405851
3974010
16504
52381
1718107
2859216

Area
Area
Impacted Impacted Percent
(m2/Ha)
Impacted
(m2)
19034
1485
992
854
601
372
275
130
101
91
23
14
3

12
65
12
2
1
6
3
3
0
55
4
0
0

0.1210%
0.6469%
0.1165%
0.0179%
0.0120%
0.0595%
0.0296%
0.0321%
0.0025%
0.5525%
0.0430%
0.0008%
0.0001%
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Figure 5-15: Heavy impact in TRAIA
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Vehicle tracking systems were used to track 19 Strykers during a maneuver for
eight days at Fort Lewis Military Installation, Washington. Bravo Company removed
their VTS on the fourth day of the maneuver and therefore approximately four days of
data was collected instead of eight for Bravo Company. Analysis of vehicle movement
and assessment of vegetation impacts was conducted. For the areas impacted by off-road
traffic less than one percent of the vegetation was removed in all of the training areas by
these nineteen vehicles. On average, 201 square meters of vegetation was removed per
vehicle per day. If the impact made on the cantonment areas was omitted from this
calculation, 184 square meters of vegetation was removed per vehicle per day. On
average, 11.7 percent of the distance traveled by the vehicles was off-road traffic for this
maneuver. Bravo Company had a higher percentage of off-road traffic due to the VTS
boxes being removed after the off-road maneuvers were completed. The vehicles from
Charlie Company 2nd and 3rd platoon had lower off-road percentages because the
vehicle tracking study began after their off-road training in TRA1A was completed. On
average, the Strykers traveled 2.4 km per vehicle per day off-road.
The most impact occurred in Training Area TRA1A (see Figure 5-15), with
19,034 square meters of vegetation estimated to have been removed by the 19 vehicles
during the time of the tracking study. All three platoons were performing off-road
training maneuvers in this training area, but on different days. As mentioned previously
Charlie Company 2nd platoon also performed off-road maneuvers in this training area,
but prior to having the VTS mounted on the Strykers. The largest percent of vegetation
removed occurred in training area 03600, where 1,485 square meters of vegetation
(approximately 0.47 percent) was estimated to have been removed. The roads maps do
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not include parking areas and motor pools. This area contains a motor pool. This
training area was a cantonment so this area was likely not of environmental concern.
Training areas estimated to have a large amount of vegetation removed (TRA1A) should
be visually evaluated by a site investigation to assess what land management
rehabilitation is needed.
The method discussed in this section can be used to assess vegetation impacts
caused by military vehicles during training maneuvers. A similar procedure with sitespecific vehicle impact relationships for each vehicle type could be used where
maneuvers involve other types or mixed types of vehicles (Fort Riley). The models were
specific to the military installation where the impact relationship was developed. The
repetitions for the spirals account for differences in soil types and cover types within the
installation.
It is also important to recognize that the impacts described in this analysis were
only the impacts caused by the nineteen vehicles that were tracked. A battalion consists
of at least thirty-six vehicles so the actual impact at Fort Lewis Military Installation could
be higher. If the details of the vehicles involved in a training maneuver were known then
only a few vehicles could be tracked and the impact of those vehicles could be easily
scaled to predict the impact of all of the vehicles involved in the training maneuver.

Error and Uncertainty
When using any model for prediction or estimation, error and uncertainty are
associated with the results. The variability in the impact relationships could be
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representative of the variability in the prediction of vegetation removal. Both a high
speed and a low speed impact relationship were used in this study. The high speed
impact relationship for the LAV had an average percent error of -9.2 percent. The low
speed impact relationship had an average percent error of 22.4 percent.

Fort Riley Impact
The vehicle impact relationships for the M1A1 Abrams combat tank, M2A2
Bradley fighting vehicle, and High Mobility Multi-purpose wheeled vehicle (HMMWV)
M998 at Fort Riley were applied to the off-road traffic from the vehicle tracking study
using the method discussed in a previous section of this chapter to predict vegetation
removal caused by the training maneuver. Figure 5-16 shows the areas impacted during
the training maneuver at Fort Riley Military Installation. The map indicates the area,
measured in square meters, of vegetation removed in certain impacted training areas. It
can be seen that the impact of the maneuver was spatially distributed. Figure 5-17 shows
the percent of each training area that was impacted by the training maneuver. The area of
vegetation removed was divided by the total land area of the training area and multiplied
by 100 to calculate the percent of vegetation removed. In general, the darker areas
indicate more impact and lighter areas indicate less impact occurred. The results were
summarized in Table 5-4. Vehicle tracking systems were used to track 19 military
vehicles during a 4-day maneuver at Fort Riley Military Installation, KS. Analysis of
vehicle movement and assessment of vegetative impacts was conducted. For the areas
impacted by off-road traffic less than one percent of the vegetation was removed in all of
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Figure 5-16: Predicted square meters of vegetation removed at Fort Riley
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Figure 5-17: Predicted square meters of vegetation removed per hectare at Fort Riley
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Table 5-4: Summary of the vegetative impacts at Fort Riley

Range Name
Douthit NonDudded Impact Area
Undefined
Training Area 19
Training Area 24
Undefined
Cantonment Area
Undefined
Artillery and Mortar
Impact Area
Manuever Area M
Training Area 20
Training Area 16
Training Area 22
Cantonment Area
Undefined
Undefined
Maneuver Area E
Undefined
Maneuver Area J

Military Total
Area
Area
Training Land Area Impacted Impacted Percent
ID
(m2)
(m2)
(m2/Ha)
Impacted
5
54
154
142
15
163
69

22010724
2327133
2652235
5908824
2858886
989458
2549480

21559
9487
4997
1016
754
639
452

10
41
19
2
3
6
2

0.0979%
0.4076%
0.1884%
0.0172%
0.0264%
0.0646%
0.0177%

51
37
144
135
146
136
28
23
53
42
26

63331609
5458002
1548917
1485340
2392422
1778644
13294418
3715797
2432873
2459835
3271966

392
327
124
102
93
86
82
29
10
6
5

0
1
1
1
0
0
0
0
0
0
0

0.0006%
0.0060%
0.0080%
0.0069%
0.0039%
0.0048%
0.0006%
0.0008%
0.0004%
0.0002%
0.0001%
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the training areas by these 19 vehicles. On average, 521 square meters of vegetation was
removed per vehicle per day. This estimate includes all vehicle types. The impact made
on the cantonment areas was omitted in this calculation. On the average, three percent of
the distance traveled by the vehicles was off-road traffic for this maneuver. On the
average, the HMMWV’s traveled 1.7 km per day off-road, the M2A2’s traveled 1.4 km
per day off-road, and the M1A1’s traveled 1.0 km per day off-road. The most impact
occurred in Military Training ID 5 with 21,559 square meters of vegetation estimated to
have been removed. A staging area where the vehicle tracking systems were mounted on
the vehicles at the beginning of the maneuvers was located in the training area and was
not indicated on the roads map. The vehicles were likely turning sharply frequently,
resulting in more impact being calculated, when in fact there should be less impact
because this was occurring in a staging area and not off-road. The largest percent of
vegetation removed occurred in the training area with Military Training ID 54, where
9,487 square meters of vegetation (approximately 0.37 percent) was removed. Training
areas with a large amount of vegetation removed should be visually evaluated by a site
investigation to assess what land management rehabilitation was needed.
The ranges where impact occurred were divided into high, medium, and low
impact. The ranges were sorted from high to low impact and the 25 percent that
encountered the highest impact were termed high impact ranges, and the 25 percent that
encountered the smallest impact were termed low impact ranges. Ranges not
encountering any impact were not considered in this study. Analysis was conducted to
summarize the cause of the impact for a high, medium, and low impact range. The
results for a high, medium, and low impact range can be seen in Table 5-5, Table 5-6, and
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Table 5-5: Military training ID 54: high impact example (9487 m2)
Bumper
Number

Vehicle #
Type
Pts

A-11
A-21
A-32
A-34
A-HQ2
C-11
C-22
C-21
C-24
C-HQ1
C-HQ2

M998
M998
M2A2
M2A2
M1A1
M998
M998
M998
M998
M1A1
M1A1

1438
356
1164
985
87
2019
1556
1463
1863
1126
1527

Total
Avg
Avg
Impact Impact TR
(m2)
(m2)
(m)
0.3
0.3
1.0
0.9
1.7
0.3
0.3
0.3
0.2
1.8
1.8

432
116
1163
859
149
572
448
445
433
2053
2817

79
82
96
103
118
64
69
73
62
70
83

Avg
Distance
Velocity Traveled
(m/s)
(m)
2.7
3.0
4.1
4.1
5.4
2.5
2.6
2.7
2.1
2.3
3.0

3954
1066
4730
4026
471
5115
4026
4021
3827
2589
4569

Table 5-6: Military training ID 37: medium impact example (327 m2)
Bumper
Number

Vehicle
Type
# Pts

B-23
C-HQ1

M2A2
M1A1

39
145

Avg
Total
Avg Avg
Distance
Impact Impact TR Velocity Traveled
(m2)
(m2)
(m) (m/s)
(m)
0.7
2.1

29
298

92
55

2.7
1.9

103
275

73

Table 5-7: Military training ID 53: low impact example (10 m2)
Bumper
Number

Vehicle
Type
# Pts

C-22

M998

82

Total
Avg Avg
Distance
Avg
Impact Impact TR Velocity Traveled
(m2)
(m2)
(m) (m/s)
(m)
0.1

10

37

1.0

82

Table 5-7, respectively. Ranges where more impact was predicted encountered more
vehicles traveling off-road and for greater distances. Vehicle type also affected impact.
Ranges where an M1A1 or M2A2 traveled off-road were likely to have a higher predicted
impact.

Yakima Training Center
Haugen (2002) conducted a vehicle tracking study at Yakima Training Center,
Washington in October of 2001. GPS-based vehicle tracking systems collected data
every second for approximately eight days. Road travel characteristics were analyzed for
each of the twenty vehicles of the 3rd Brigade 1/14 Cavalry that were tracked with GPSbased vehicle tracking systems during the reconnaissance training exercise at Yakima
Training Center. The percentage of distance traveled both on-road and off-road by the
vehicles during the training exercise was calculated. The amount of vegetation removed
by the five LAVs involved in the maneuver was also estimated using vehicle impact
relationships.
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Identifying off-road traffic
The travel characteristics of the vehicles were analyzed for the percentage of time
during the training exercise that the vehicles were moving, the average daily distance
traveled on roads, and the average daily distance traveled off roads. Table 5-8 contains
the results of the travel characteristics for each of the twenty vehicles tracked during the
reconnaissance exercise at Yakima Training Center. The percentage of time spent
moving was determined by dividing the total number of moving data points by the total
number of data points in the vehicle tracking data file. The average distance traveled on
roads per day was determined by dividing the total distance traveled on roads by the
number of days of data. The average distance traveled off roads per day was determined
by dividing the total distance traveled off roads by the number of days of vehicle tracking
data. Haugen (2002) writes the following concerning the results of the tracking study:
The average percent of total training exercise time spent moving was 8.4,
the average distance traveled per day on roads was 33.5 km, and the
average distance traveled per day off roads was 7.7 km. The percentage of
time spent moving, and distance traveled per day on and off roads was
affected by the number of days of data obtained with the vehicle tracking
system, where vehicle tracking systems with only a few days of data may
not characterize the entire training event correctly because they only
contain movement for a portion of the exercise. Also the vehicle on which
vehicle tracking system 15 was mounted experienced mechanical failure
early in the training exercise, and did not participate in the remainder of
the exercise, thus this system also may not accurately reflect the actual
movement of vehicles during a reconnaissance training exercise. The
omission of vehicle tracking systems with less than eight days of data and
vehicle tracking system 15 results in an average percent of total training
exercise time spent moving was 7.5, the average distance traveled per day
on roads was 29.5 km, and the average distance traveled per day off roads
was 7.6 km for vehicles 3, 5, 6, 7, 8, 10, 11, 16, 17, 19, and 20. The
vehicles traveled an average of twenty percent of their total distance offroad.
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Table 5-8: Travel analysis results at Yakima Training Center

Vehicle
Tracking
System
Number
1
2
3
4
5
6
7
8
9
10
11
12

Vehicle
Type
FUCHS
FUCHS
CARGO
HMMWV
CARGO
HMMWV

Percentage
of
Training
Days of
Exercise
Tracking Spent
Data
Moving
(days)
(%)

Average
Distance
Traveled
On
Roads
per Day
(km)

Average
Distance
Traveled
Off-Road
per Day
(km)

2.5
1.5

7.9
6.7

32.3
20

8.6
10

8.6

6.9

31.2

7.5

Tracking System Data Not Recovered

HMMWV
CARGO
HMMWV

8.9

10.2

18.3

6.6

8.8

10.9

46.4

11.8

HMMWV
CARGO
HMMWV
LAV
LAV
FUCHS
FUCHS

8.9

9

32.5

8.8

8.7
0.3
8.6
8.7
6.2

10
24.7
9.5
8.9
7.7

41.4
89.8
38.2
32.9
34.7

8.1
12.4
11.5
7.2
6.7

13
HMMWV
4.4
8.3
35.1
6.1
14
LAV
2.9
4.4
15.9
5.2
15
LAV
8.7
2.1
11
4.3
16
LAV
8
7.4
33.2
7.1
17
LAV
8.8
7.2
31
8
18
LAV
1.3
5.1
19.4
5.8
19
LAV
8.8
6.2
25.6
8
20
LAV
8.6
6.4
30.8
5.3
Average (all vehicles)
8.4
33.5
7.7
Average (vehicles 3, 5, 6, 7, 8, 10,
11, 16, 17, 19, 20)
7.5
29.5
7.6
Source: Haugen, L. B. 2002. Design and testing of a vehicle tracking system for
monitoring environmental impact at U.S. army training installations. M.S. Thesis.
Colorado State University. Fort Collins, Colorado.
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Estimating vegetation removed
As mentioned previously Haugen (2002) used impact relationships for the LAV to
estimate the impact caused by five LAVs that were tracked during the training maneuver.
Regarding the estimation of vegetation removal caused by the LAVs at Yakima Training
Center in October of 2001, Haugen writes:
The maximum operating velocity generally varied between 15 and 18 m/s
and the most frequent vehicle velocities ranged from two to four meters
per second. On average, vehicles spent sixteen percent of their off-road
driving time at turning radii less than twenty meters. Most vehicle impact
relationships show a dramatic increase in vehicle impact at turning radii
less than twenty meters, which indicates that sixteen percent of the offroad travel time during this training exercise, the vehicles were
significantly impacting the vegetation of the training center. Figure 5-18
shows the locations of off-road vehicle travel for all vehicles in the 3rd
Brigade, 1/14 Cavalry that were tracked. The majority of off-road vehicle
travel occurs in the areas where each of the three training missions were
performed.
The vehicle impact relationships developed for the Light Armored Vehicle
(LAV) were applied to the off-road vehicle tracking data for vehicles 10,
16, 17, 19, and 20. These vehicles were selected because they were all
LAV’s and have tracking data sets greater than eight days. The
cumulative impact width was determined for each off-road vehicle
position based on the turning radius of the vehicle at that position. The
cumulative impact width at each position was then multiplied by the
vehicle velocity at that position to determine the total area the vehicle
impacted at the position, and multiplied by two because the cumulative
impact width was measured for one side of the vehicle. The sum of the
area impacted at each position for the entire off-road tracking data set was
the total area of vegetation the vehicle affected during the training
exercise. The average total area impacted by the five LAV’s was 8600
square meters and the total area impact by the five LAV’s was 43060
square meters (4.3 hectares, 0.3 hundredth percent of the area of Yakima
Training Center), and Table 5-9 contains the total impact area for each of
the vehicles. The percent of the LAV impact that occurred in the training
areas of Yakima Training Center was determined and was shown in
Table 5-10 , where the majority of the vehicle impact occurred in training
areas 2, 5, and 12.
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Figure 5-18: Off-road vehicle travel at Yakima Training Center
Source: Haugen, L. B. 2002. Design and testing of a vehicle tracking system for monitoring
environmental impact at U.S. army training installations. M.S. Thesis. Colorado State
University. Fort Collins, Colorado.
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Table 5-9: Total impact area of LAV’s at Yakima Training Center
Vehicle Tracking
System Number

Troop

Platoon

Total OffRoad Impact
Area (m2)

10

BRAVO

2ND

13320

ST

16

CHARLIE

1

8200

17

CHARLIE

1ST

8540

19

CHARLIE

2ND

7800

20

CHARLIE

2ND

5200

Source: Haugen, L. B. 2002. Design and testing of a vehicle tracking system for monitoring
environmental impact at U.S. army training installations. M.S. Thesis. Colorado State
University. Fort Collins, Colorado.

Table 5-10: Training area impact of LAV's at Yakima Training Center
Vehicle
Tracking
System
Number
(Vehicle
Number)
10
16
17
19
20
Average

Percentage of Impact in Training Area
Assembly
and
Other
Cantonment Training Training Training Training
Areas
Area 2
Area 5
Area 12
Areas
1
8
2
6
10
5

16
50
48
30
50
39

25
0
6
22
5
12

11
30
36
26
17
24

47
12
8
16
18
20

Source: Haugen, L. B. 2002. Design and testing of a vehicle tracking system for monitoring
environmental impact at U.S. army training installations. M.S. Thesis. Colorado State
University. Fort Collins, Colorado.
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Summary and Comparisons
The impacts resulting from the maneuvers that were tracked using GPS at Fort
Lewis in October of 2005, Fort Riley in May of 2005, and Yakima Training Center in
October of 2001 (Haugen, 2002) were estimated. The estimation of impacts was
conducted in terms of square meters of vegetation removed per vehicle day. The average
distance traveled off-road per day for the different vehicles was assessed. Vehicles
involved in the maneuver at Fort Riley included the M1A1, M2A2, and HMMWV. A
Stryker battalion was tracked at Fort Lewis. The Stykers were similar to the LAV, which
was involved in the maneuver tracked at Yakima Training Center. Haugen (2002)
estimated the impact caused by five LAVs at Yakima. The average impact caused by
each vehicle type was also estimated at Fort Lewis and Fort Riley. Since the vehicle
tracking studies were for different durations, the impact was calculated per day. This
analysis provides good baseline data that can be implemented in the ATTACC
methodology. The results are shown in Table 5-11.
The mission conducted at Yakima Training Center involved area security, zone
reconnaissance, and screen line. The vegetation impact analysis was conducted by
Haugen (2002) for five LAVs. This type of maneuver involved more off-road travel, and
thus resulted in more vegetation being removed per vehicle day (1006 square meters).
The maneuver at Fort Riley involved more road-side interrogation and less off-road
traffic, and in general resulted in less impact. Because tracked vehicles (M1A1 and
M2A2) were involved in the maneuver the impacts were still somewhat high, with 1048
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Table 5-11: Summary of impacts based on vehicle type

Vehicle
Installation Type

n

Average
Total
distance per
day (km)

Average
Off-road
distance
per day
(km)

Average
Percent
Offroad

Average
Impacted
Area per
day
(m^2)

Yakima
LAV

5

39.8

8

20.1%

1006

M1A1
M2A2
HMMWV

4
7
8

31.5
45.6
50.4

1
1.4
1.7

3.1%
3.1%
3.3%

1048
642
179

19

22.4

2.6

11.7%

201

Fort Riley

Fort Lewis
Stryker

and 642 square meters of vegetation being removed per vehicle day for the M1A1 and
M2A2, respectively. The HMMWV's impacted the training areas the least with only 179
square meters of vegetation being removed per vehicle day. Even though there was less
off-road traffic at Fort Riley, the vehicle impact relationships for the tracked vehicles
predict higher amounts of vegetation removal. The maneuver involving the Strykers at
Fort Lewis involved less off-road traffic than at Yakima, but more than at Fort Riley.
The Fort Lewis maneuver consisted of urban operations, traveling to firing ranges, and
some off-road maneuvering on one of the ranges. It was estimated that just over 200
square meters of vegetation was removed by the Stryker per vehicle day during this
maneuver.
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Chapter 6
Evaluation of ATTACC
As mentioned previously the Army Testing and Training Area Carrying Capacity
(ATTACC) methodology is used to manage military training lands in a sustainable way.
Many of the parameters used in the ATTACC methodology are based on subjective
expert opinion. The vehicle tracking studies at Yakima, Fort Riley, and Fort Lewis
provide a unique opportunity to evaluate the subjective parameters in ATTACC.
Specifically, the analysis of the vehicle tracking studies can be used to evaluate the
vehicle off-road factor and the event severity factor, both based on subjective opinion.
Another study by Ayers et al. (2005) focuses on the vegetative impacts in wet and dry
conditions, and was being used to evaluate the local condition factor. The vehicle
tracking studies also provide baseline data that can be implemented into ATTACC at
these installations. This chapter focuses on the analysis of the vehicle tracking studies as
it relates to ATTACC.

Comparisons to ATTACC Model

Evaluation of vehicle off-road factor
Haugen (2002) tracked nine Light Armored Vehicles (LAV), seven High Mobility
Multipurpose Wheeled Vehicles (HMMWV, M998), and four FUCHS armored vehicles.
It was found that the average distance traveled per day on roads was 33.5 km, and the
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average distance traveled per day off roads was 7.7 km, thus 18.7 percent of the moving
data was off-road. The ATTACC model has a vehicle off-road factor (VOF), which can
be changed manually, but it also has default values for each vehicle. The VOF values for
each vehicle range from zero to one, and represent the fraction of travel that was off-road.
The default VOF values were estimated using expert opinion and they can be seen in
Table 6-1. The analysis of the maneuvers at Fort Riley, Fort Lewis, and YTC provide a
means of evaluating the VOF values. The field data from the tracking studies can be
compared to the subjective expert opinions that were used as the defaults in the ATTACC
model. For example, it was believed by experts that ninety percent of the distance
traveled by the M2A2 was off-road and seventy percent of the distance traveled by the
HMMWV was off-road.
However, in the maneuver at Fort Riley, 3.1 percent of the distance traveled by
the M2A2 vehicles was off-road and 3.3 percent of the distance traveled by the M998
vehicles was off-road. Only 3.1 percent of the distance traveled by the M1A1 vehicles
was off-road (See Table 6-2). There is also an Event Severity factor based on maneuver
type. Even though the maneuver conducted at Fort Riley was believed to be less severe
and involve less off-road traffic than traditional maneuvers, the off-road percentages were
still significantly less than the VOF factors reported. Table 6-2 shows a summary of the
calculated off-road percentages for different vehicle types involved in the vehicle
tracking studies.
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Table 6-1: Vehicle off-road factors from the ATTACC method
Vehicle Type
VOF
CARRIER M113A3
0.85
CARRIER CP M577
0.6
IFV: M2A2
0.9
CFV: M3A2
0.9
HERMIT: W/ CRAVE
0.8
RECOVERY VEH: MED
0.5
HMMWV
0.7
TRUCK: 2.5 TON M35A2
0.37
TRUCK: 5 TON 6 x 6
0.37
Source: U.S. Army Environmental Center. 1999. U.S. Army training and testing area
carrying capacity (ATTACC) hand book for installations. Version 1.1.

Table 6-2: Summary of the off-road percentages for different vehicle types
Vehicle
Installation Type

n

Average Total
Distance per
day (km)

Average Offroad distance
per day (km)

Average
Percent
Off-road

Yakima
HMMWV
FUCHS
LAV

7
4
5

42.3
38.1
39.8

8.2
8.1
8.0

19.3%
21.3%
20.1%

M1A1
M2A2
HMMWV

4
7
8

31.5
45.6
50.4

1.0
1.4
1.7

3.1%
3.1%
3.3%

19

22.4

2.6

11.7%

Fort Riley

Fort Lewis
Stryker
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Evaluation of event severity factor
The Event Severity Factor in the ATTACC model was used to scale the estimated
impact based on the type of training event that was occurring. A standard field training
exercise, also known as FTX, was assigned an Event Severity Factor of 1.0. A maneuver
that results in ten percent more impact when all other variables (number of vehicles,
vehicle types, etc.) were held constant would have an ESF of 1.1. Little work has been
done to assign event severity factors to different training exercises.
In this analysis the vehicle impact relationship developed at Fort Riley for the
M1A1 was used to estimate the impact that would result at each of the three training
installations where vehicle tracking studies were done if all of the vehicles tracked where
M1A1 tanks and the land conditions were similar to those at Fort Riley. The M1A1 tank
was used as the reference vehicle because it was the reference vehicle in the ATTACC
model. The vehicle impact relationship for the M1A1 tank, when maneuvering in
conditions similar to Fort Riley, can be seen in Equation 5.3. The relationship was valid
over the range of turning radii observed during the vehicle tracking studies.
Although the vehicle movement patterns (velocity and turning radii) and off-road
percentages will differ based on vehicle type, the vehicle impact relationship for the
M1A1 was used for comparison purposes. The differences based on vehicle type were
accounted for in the vehicle severity factor. The event severity factor relates
environmental impacts specifically to the type of training event, assumed independent of
vehicle types. Using the relationship for the M1A1 developed at Fort Riley and applying
it to the vehicle tracking data from all of the vehicles tracked during the maneuver at Fort
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Riley 1,166 square meters of vegetation per vehicle day was removed. Nineteen vehicles
were tracked and the maneuver lasted approximately four days. There were a total of
75.7 vehicle days.
Using the relationship for the M1A1 developed at Fort Riley and applying it to the
vehicle tracking data from all of the vehicles tracked during the maneuver at Fort Lewis
1,158 square meters of vegetation per vehicle day was removed. Nineteen vehicles were
tracked. The boxes mounted on Alpha, Charlie, and Head Quarters (11 total) collected
data for approximately eight days. The boxes mounted on Bravo Company (7 total)
collected data for approximately four days. There were 123.8 vehicle days total from this
tracking study.
Using the relationship for the M1A1 developed at Fort Riley and applying it to the
vehicle tracking data from all of the vehicles tracked during the maneuver at Yakima
Training Center, 2,033 square meters of vegetation per vehicle day was removed. It
Twenty vehicles were tracked, but only nineteen had valid data. There were a total of
123.2 vehicle days in the maneuver. Table 6-3 summarizes the results for the impact that
would have resulted from all M1A1 vehicles in the tracking studies.
As stated previously, all event severity factors were relative to the standard field
training exercise, which was assigned an event severity factor of 1.0. If the average
impacted area per vehicle day of this maneuver was known then other maneuvers like the
ones conducted at Yakima, Fort Riley, and Fort Lewis can be compared to this exercise
and assigned an event severity factor. A vehicle tracking study should be conducted on
what the military refers to as a standard field training exercise. Vegetative impacts
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Table 6-3: Results from the evaluation of the event severity factor
Vehicle
Installation Type

n

Vehicle days

Average
Impacted Area
per day (m2)

Yakima
M1A1

19

123.2

2033

M1A1

19

75.7

1166

M1A1

19

123.8

1158

Fort Riley
Fort Lewis

could be assessed using the relationship for the M1A1 at Fort Riley and all vehicle
tracking studies conducted in the future could be referenced to the impacts of the standard
field training exercise and event severity factors could be calculated. The impact that
would have occurred at Yakima Training Center if all of the vehicles involved in the
training were M1A1 Abrams was nearly twice as severe (twice the event severity factor)
as Fort Riley and Fort Lewis. This was due to the type of training that was involved.
The maneuver at Yakima Training Center involved more off-road traffic including zone
reconnaissance, area security, and screen line. Fort Lewis involved some off-road
tactical maneuvers, but more urban operations and traveling to firing ranges. Fort Riley
involved mostly road side interrogation.
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Chapter 7
Identifying Column Movement

Introduction
This chapter focuses on the development, evaluation, and application of a
Geographic Information System (GIS) method to assist land managers in identifying offroad vehicle column movement. Column movement is a type of platoon movement that
occurs when vehicles are traveling one behind the other (see Figure 2.1). Column
movement can result in multi-track traffic or multi-pass traffic. Ayers et al. (2004)
defined multi-track traffic as vehicle movements that are within the same track. Multipass traffic was defined as repetitive movement down the same road or path, but not
necessarily in the same track. Multi-track traffic is more of an environmental concern to
land managers at military installations. The objective of this study is to develop an
algorithm that identifies column platoon movement. Site observations can be made to
determine if multi-track movement has been made.
Kim and Park (2000) used ArcView to recognize military vehicle formations
during tactical situations. The authors developed algorithms in ArcView to recognize six
types of formations, but their method failed in identifying column movement when
traveling in a curve or around a bend. A reliable and accurate method to identify vehicle
column movement would aid in identifying multi-track traffic, which was believed to
have severe negative effects on the terrain. The vehicle movement patterns influence the
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amount of damage done to the vegetation. A maneuver that involves more off-road
column movement may cause high impact on the terrain. The method developed in this
study was useful in characterizing how frequently column movement occurred during
training maneuvers, and whether or not this should be a concern to land managers. The
method will also indicate areas where rehabilitation may be necessary.
The method discussed in this section was used to identify areas where column
movement was likely to have occurred during the training maneuver conducted at Fort
Lewis Military Installation. Previous studies have revealed that multiple vehicle passes
produce more severe soil and terrain impacts. Identifying the frequency and location of
this type of impact during military training maneuvers is difficult. GPS data collected
during a maneuver at Fort Lewis Military Installation, Washington in October of 2005
was used in this study. The method was evaluated using a sample data set utilizing a
platoon of four vehicles. The method was found to accurately identify column
movement. From an environmental impact perspective, one problem exists in that
column movement does not occur until all four vehicles in a platoon are moving. When
vehicles initially begin moving from a cantonment area some multi-track traffic could be
missed if all of the vehicles are not moving. It is recommended that site investigations
look immediately preceding and immediately following the identified column movement
for possible multi-track traffic. Once the method was verified to correctly identify
column movement, it was applied to the entire moving data set collected at Fort Lewis.
The universal transverse mercator (UTM) coordinates of each of the four vehicles,
speed of each vehicle, and direction of travel of each vehicle, collected at each second,
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was used in the algorithm. Areas where column movement may have occurred were
identified.
It is known that inaccuracies are associated with GPS technology and therefore
the accuracy of the Garmin 18 GPS receiver, used in the tracking study at Fort Lewis,
was assessed for its feasibility in detecting column movement. The accuracy of the
Garmin 18 GPS receiver was evaluated for cross-track error. This knowledge was
implemented in the development of the ArcGIS algorithm.

Cross-track Error
The cross-track error of the Garmin 18 GPS receiver, used in the tracking studies
at Fort Riley and Fort Lewis, was tested. To assess the level of certainty that column
movement has occurred during a training maneuver, it was necessary to know the crosstrack error or relative accuracy of the GPS receiver used in the vehicle tracking system
(VTS). In this study, cross-track error is defined as the perpendicular distance from a
GPS position to a line defined by GPS data points. Two phases of cross-track error tests
were conducted. The first phase involved driving a truck in a straight line multiple times
with GPS receivers mounted in a straight line on the back of the truck and calculating the
distance to a regression line fitted through all of the points. The second phase involved
walking around Tom Black track at the University of Tennessee, Knoxville at a similar
speed and with similar spacing to what would be seen when four vehicles in a platoon
were traveling in a column resulting in multi-track movement during a training
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maneuver. A line was fit through the data points of each individual GPS receiver used in
the study. The distances of the other data points to each line were calculated.

Phase I: truck mounted
The first phase of cross-track error tests involved mounting eight Garmin 18 GPS
receivers on the back of a truck. Figure 7-1 shows the set up for Phase I of the crosstrack error tests. The top picture shows the GPS receivers mounted on the beam. The
bottom picture shows the front four receivers circled. In this study, the front four
receivers were analyzed because a platoon consists of four vehicles.

Experimental setup
In this experiment the GPS receivers were configured into two different
treatments, autonomous mode and differential mode. The truck made a right hand turn
and was driven in a straight line for approximately 170 m. These treatments were split
into two 85 m sections immediately after a right-hand turn and after the vehicle has been
traveling straight to analyze the difference between those two effects. Cole et al. (2005)
observed larger cross-track errors (1.75 m) for GPS receivers after a turn was made
during dynamic tests. Figure 7-2 shows data in ArcGIS from one run of the experiment.
The vehicle traveled from southwest to northeast. The first fourteen data points were
analyzed as being after a right-hand turn was made. The last thirteen data points were
analyzed as being after the vehicle has been traveling straight. The test was conducted
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Figure 7-1: Set up for phase I of the cross-track error tests
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Figure 7-2: Data from one run of the truck mounted cross-track error test (red arrow
indicating vehicle right-hand turn)

93
three times with the receivers programmed in differential mode and three times with the
receiver programmed in autonomous mode.

Results
Table 7-1 shows the results from Phase I of the cross track error tests. In general
cross-track errors were higher when the receivers were in autonomous mode. Cross-track
errors were also higher after the receivers made a right hand turn. The highest mean
cross-track error, with a mean distance of 1.08 m from the regression line, occurred when
the receivers were in autonomous mode and the vehicle had made a right-hand turn. The
lowest cross-track error, with a mean distance of 0.68 m, occurred when the receivers
were in differential mode and the vehicle had been traveling straight for some distance.
Horizontal dilution of precision (HDOP) is obtained from the GPS and is an indicator of
satellite geometry. Lower HDOP values indicate better satellite geometry. The HDOP
was fairly consistent throughout the duration of the tests holding around 1.0.

Phase II: in-line walking

Experimental setup
Six Garmin 18 GPS receivers configured into small vehicle tracking system boxes
were used in this study. The study involved six people, each carrying a VTS, walking the
line between the first and second lane of the track at the University of Tennessee. A
headway similar to what might be observed when a Stryker was traveling through
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Table 7-1: Results from phase I of the cross-track error tests

95%
X-track
(m)

Mean
X-track
(m)

St. Dev.
X-track
(m)

Max
X-track
(m)

Treatment

#
Pts

Mean
HDOP

St. Dev.
HDOP

curve auton
curve diff
straight auton

160
156
152

2.73
2.03
2.36

1.08
0.92
1.07

0.76
0.61
0.68

2.91
2.31
2.69

0.99
1.16
0.96

0.10
0.15
0.07

straight diff

148

1.54

0.68

0.46

1.77

1.09

0.13

difficult terrain in a column formation was used in the study. Headway was defined as
the time it takes for vehicles following one another to pass the same point. A headway of
approximately 10 s was maintained. This was similar to the headway observed when
vehicles were following each other in a column during the tracking study at Fort Lewis.
The receivers were configured in autonomous mode and personnel walked on the
same line around the track keeping a headway of about ten seconds. This procedure was
repeated in differential mode, then again in autonomous mode, and then again in
differential mode. Each lap around the track provided two straight sections (100 m each)
and two curved sections (100 m each). The data was analyzed using four treatments:
straight autonomous, straight differential, curve autonomous, and curve differential.
Each treatment had four replications. The curved and straight sections may account for
the differences between linear column movement and curvilinear column movement. A
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photograph showing personnel walking the line for one of the treatments can be seen in
Figure 7-3. Figure 7-4 shows data from autonomous run B.

Method
The data collected from Phase II of the cross-track error tests was analyzed in a
method similar to the method used to identify column movement. The details of the
method to identify column movement are discussed later in this chapter. Each run
conducted in Phase II involved six GPS receivers. A line was constructed through the
data points for each individual GPS receiver for a total of six lines. Then a GIS method
was used to calculate the perpendicular distance of each of the other GPS receivers to the
line. This was repeated for each line through a GPS receiver's data points.

Results
Table 7-2 shows the results form the cross-track error tests conducted on Tom
Black Track at the University of Tennessee. All tests were conducted over a three hour
time period on August 31, 2006. Figure 7-5, Figure 7-6, Figure 7-7, and Figure 7-8 show
the histograms for the cross-track errors observed for the straight autonomous, straight
differential, curve autonomous, and curve differential runs, respectively. From the results
of the x-track error tests it was not obvious that autonomous or differential mode yielded
different cross-track errors. The results were also inconclusive when trying to identify
whether traveling in a straight line or in a curve yielded higher cross-track errors. The
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Figure 7-3: Personnel conducting the in-line cross-track error test
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Figure 7-4: In-line walking data from autonomous run B
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Table 7-2: Results from phase II of the cross-track error tests

Treatment

#Pts

Mean
X-track

St. Dev.
X-track

Mean

St.
Dev.

(m)

(m)

HDOP

HDOP

Autonomous
Curve1a

567

0.81

0.53

1.37

0.17

Curve1b
Curve2a
Curve2b
Straight1a
Straight1b
Straight2a

507
527
499
468
403
372

0.83
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Figure 7-5: Histogram of cross-track errors for the autonomous straight treatments
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average cross-track error for a given replication of any of the treatments ranged from 0.58
m to 1.67 m. This was similar to the range of cross-track errors observed in phase I of
the cross-track error tests (0.68 m to 1.08 m). HDOP values observed were very good for
the test and the average HDOP for a given replication of a treatment ranged from 0.98 to
1.38. All of the mean cross-track errors were relatively small (less than 2 m). To have
any level of certainty when trying to identify whether multi-track movement has occurred
during a vehicle tracking study, data for the vehicles following the platoon leader would
need to be within 2 m of the path followed by the platoon leader.

Algorithm Development
The objective of this chapter was to develop and evaluate a method to identify
off-road vehicle column movement and possible multi-track movement. Vehicle column
movement was a platoon movement pattern where vehicles were traveling in a platoon
following one behind the other. The vehicles were considered traveling in a platoon
when all four vehicles were traveling at a similar speed, in a similar direction, and were
within a specified distance of each other. The vehicles were considered to be traveling in
a column when all four vehicles were traveling in a platoon and were one behind the
other. Column movement can result in severe degradation of the land if vehicles were
following the same track. Ayers et al. (2004) defined multi-track movement as
movement where vehicles were following the same track. They defined multi-pass
movement as repetitive movement down the same road, but not necessarily in the same
track. Column movement can result in either multi-pass or multi-track movement. To
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identify column movement, it was necessary to identify movements where the support
vehicles were following one behind the other on the same path as the platoon leader.
Multi-track movement occured when the vehicles were following in the same tracks as
the platoon leader.

Column movement identification
Column movement can be classified as a type of platoon movement where the
four vehicles in the platoon were maneuvering one behind the other. The platoon leader
could be in the front of the column, in the middle of the column, or at the rear of the
column movement. The platoon leader was leading the activities of the platoon, but does
not have to be in front of the other vehicles. A method to identify when the support
vehicles were traveling along the same path as the platoon leader involves constructing a
line through the platoon leader's movements and selecting data points of the support
vehicles that were within a buffer of the line. Testing of the Garmin 18 GPS receiver
indicates that cross-track errors can be related to the GIS buffer. Column movement has
a temporal component. The procedure for identifying column movement involves
identifying multi-pass traffic and then identifying if the multi-pass traffic was platoon
movement. If the movement can be classified as both multi-pass traffic and platoon
movement then it can be characterized as column movement. The procedure for
identifying multi-pass traffic, platoon movement, and ultimately column movement can
be seen below.
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1) A program written in visual basic was used to construct a line through the platoon
leader's movements. The line through the platoon leader's movements can be seen in
Figure 7-9.
2) Data points for the three support vehicles that fall within a buffer (10 m was used in
this example) of the line through the platoon leader's movements were selected. The data
points for the three support vehicles can be seen in Figure 7-10.
3) These data points for the three support vehicles were exported as three new shape files
for analysis.
4) The shape files created in step 3 were joined to the original platoon leader shape file
based on universal time coordinated (UTC). UTC time is the time at the prime meridian
and is output from the GPS receiver.
5) The data base file (.dbf) file of the platoon leader shape file was saved as a comma
separated values (.csv) and the distance to the platoon leader for each support vehicle at
each UTC time was calculated using the following formula, Equation 7.1:
Dist. =



(∆Easting )2 + (∆Northing )2

Equation 7.1

The maximum distance of a support vehicle to the platoon leader at each UTC
time was then found. If a vehicle was not moving at a UTC time where the
platoon leader was moving, then a null value was produced by the join. These
data points were deleted from the analysis because all four vehicles were not
moving at the same time and this was a requirement for platoon movement.

6) The .csv file containing all of the attributes of the platoon leader and the distances to
the support vehicles was input back into ArcMap and converted to a shape file.
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Figure 7-9: Line constructed through the platoon leader movements
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Figure 7-10: Support vehicle moving data within a 10 m buffer of the line
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7) The shape files for the three support vehicles obtained from step 3 were joined to the
shape file created in step 6 based on spatial location.
8) The .dbf file of the new shape file containing the joins was saved as a .csv and the
average and standard deviation of the velocities of the four vehicles at each point was
calculated. The average and standard deviation of the course over grounds of the four
vehicles at each point was calculated. The difference between the UTC times of the
joined points and the platoon leader point was then calculated and the maximum
difference was found.
9) The .csv file was displayed in ArcMap and exported as a shape file. The shape file
was then used to identify column movement. Points in the shape file were selected based
on the platoon movement criteria. The selection criteria were as follows:
"Maxvehicdi" <=140 AND "StDev_COG" <=7.5 AND "Stdev_Vel" <=2

Algorithm Evaluation
Once the method was developed, it was necessary to determine the accuracy of
the method. An off-road data set was used to validate the method. ESRI Tracking
Analyst was used to visually identify one data set where four vehicles were moving
together but not as a column and one data set where the four vehicles were moving as a
column. The validated method identified the column movement as column movement
and the non-column movement as non-column movement.
The four vehicles of Charlie Company 1st platoon (C11, C12, C13, and C14) were
selected for this validation. Day 1 of training was used to evaluate the method for
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identifying off-road column movement. Once the validation data set was selected, the
algorithm was applied. The criteria for off-road platoon movement, followed by the
criteria for off-road column movement, can be seen below. These criteria were
incorporated into the algorithm as discussed in an earlier section.
Criteria to identify vehicle platoon movement


Maximum distance from any of the three vehicles in the troop to the platoon
leader was less than 140 m.



Standard deviation of the velocities of the four vehicles when they were
passing the same spatial location was less than 2 m/s.



Standard deviation of the Course Over Ground (COG), or direction of travel,
values for the four vehicles was less than 7.5 degrees when they were passing
the same spatial location. The COG values could change from 0 to 360
degrees abruptly when traveling in a northern direction. This had to be
accounted for in the analysis.

Criteria to identify vehicle column movement


Must meet the platoon movement criteria established above



The movements of the three support vehicles must follow the same line that
passes through the platoon leader's movements. This was multi-pass traffic.

It was known that in order for vehicles to be considered traveling in a platoon
they must have similar velocities. This study focused on off-road vehicle platoon
movement. In the off-road data set at Fort Lewis, velocities ranged from just above 0 to
11.25 m/s (See Figure 5-11). The mean velocity for off-road movement was 3.94 m/s,
with a standard deviation of 2.51 m/s. Since the standard deviation for all off-road
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velocity was relatively small (2.51 m/s), an even smaller standard deviation was needed
to set as criteria for identifying vehicle platoon movement. A standard deviation of 2.00
m/s was chosen, based on experimental velocity observations. Edmond (2006) described
tests of an autonomous Stryker where a support vehicle followed a lead vehicle during
maneuvers at approximately 100 m. It would be unreasonable to use a maximum
distance of 300 m from the three Stryker support vehicles to the platoon leader. A
maximum distance to the platoon leader of 140 m was chosen. This allows for
approximately 47 m between vehicles. If the vehicles were traveling at the average offroad velocity of 4 m/s then there was an average headway of 11.75 s. This was
conservative, but reasonable for off-road traffic depending on the difficulty of the terrain.
These criteria include most column movements.

Developing a test data set
For the platoon identification study, Charlie Company 1st platoon was chosen for
the analysis because a substantial amount of platoon movement was observed on day 1 of
the maneuvers. The off-road data for Charlie Company on day 1 will provide a good
opportunity to evaluate the method. The platoon movement was analyzed to identify
column movement. Figure 7-11 shows all of the off-road data for day 1 for the four
vehicles in Charlie Company 1st platoon. The observed dispersed traffic is circled on the
left and the observed column traffic is circled on the right. This day showed concentrated
platoon movement and was selected to test the platoon identification protocol. Off-road
platoon movement was identified within the data set shown in Figure 7-11.
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Figure 7-11: Off-road data for day 1 for Charlie Company 1st platoon
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Evaluation results
Two data sets were formed to test the method. From day 1 where the vehicles in
Charlie Company were believed to be moving in a platoon, a data set where four vehicles
were moving at the same time, in the same general direction, at similar velocities, but
visually it could be seen that the vehicles were in a dispersed orientation was formed as
one data set. A line was constructed through the platoon leader's movements. This data
set can be seen in Figure 7-12. The method should not recognize any points in this data
set where the vehicles were moving in a column. Figure 7-13 and Figure 7-14 show the
frequency plot for the maximum distance to the platoon leader for the non-column data
set and possible column data set, respectively. The results of the selection criteria can be
seen in Figure 7-15. All of the platoon leader movement data points that were identified
as multi-pass traffic also met the platoon movement criteria and thus were identified as
column movement. Figure 7-15 shows that all of the data points where the vehicles were
moving on the line at the same time were identified as column movement. The noncolumn movements from Figure 7-12 were not selected because the movements of the
support vehicles did not meet multi-pass criteria nor did they meet platoon criteria.
This method was effective in identifying column movement. This column
movement identification method will aid land managers at military training installations
in evaluating the environmental impacts of training maneuvers. The flowchart in
Figure 7-16 shows the steps leading up to the identification of column movement and
multi-pass traffic for the assessment of environmental impacts.
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Figure 7-12: Off-road data set where dispersed vehicle movement was occurring
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Figure 7-13: Histogram for maximum distance to the platoon leader for dispersed traffic

Figure 7-14: Histogram for maximum distance to the platoon leader for column
movement
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Figure 7-15: GIS selection results (100%, 10 m buffer) for the column traffic data set
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Figure 7-16: Flow chart diagramming the GIS column identification algorithm
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Column Movement Results at Fort Lewis
The GIS method to identify column movement discussed in the previous section was
applied to all of the full platoon moving data collected at Fort Lewis. There were three
full platoons involved in the vehicle tracking study. All four vehicles in Alpha Company
1st platoon, Bravo Company 2nd Platoon, and Charlie Company 1st Platoon were tracked
using GPS. The GIS method was applied to all three of these platoons to identify areas
where column movement could have occurred. A line was constructed through the
vehicle movements of the platoon leader of Alpha 1st Platoon (A11), Bravo 2nd Platoon
(B21), and Charlie 1st Platoon (C11). A selection query was used to distinguish between
days. The query accounted for the seven hour time difference between Fort Lewis and
UTC during Daylight Savings Time.
Once all of the moving data had been divided into different days, the column
movement identification algorithm was applied to the moving data. Areas of possible
column movement were identified using a 10 m buffer, which was larger than the crosstrack errors observed. These areas of potential column movement were then divided into
on-road and off-road column movement using a 30 m road buffer similar to the off-road
analysis conducted in chapter 5. It was possible that some of the off-road column
movement could likely be on-road column movement that was identified as off-road due
to inaccurate roads maps or GPS errors. The off-road column movement identified using
a 10 m buffer can be seen in Figure 7-17. Figure 7-18 shows the training areas with
shade added according to the distance that was traveled by the platoon leaders in column
formation. The darker colors indicate more column movement occurred in that training
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Figure 7-17: Platoon leader movements selected as column movement (10 m buffer)
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Figure 7-18: Distances traveled by platoon leaders in column formation in training areas
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area. The most column movement was identified as occurring in Training Area TRA1A,
with 1298 m of column movement identified in that area using a 10 m buffer. Off-road
maneuvers were performed in this area. It was also estimated that this maneuver area
also sustained the largest of vegetation removed as discussed in chapter 5.
A sensitivity analysis was conducted where the same method was used to identify
column movement except buffer size was varied. The buffer size was varied (10 m, 5 m,
3 m, 1 m) to evaluate the effects of buffer size on identifying column movement.
Table 7-3 shows the distance traveled in column formation by the different platoon
leaders identified using different buffers. Table 7-4 shows the percent of the total offroad distance traveled by the platoon leader that was identified as column movement
using different buffer sizes.
Charlie Company 1st platoon was identified as having the most column
movement. Approximately 7.5 percent of the off-road movement for the platoon leader
was identified as column movement using a 10 m buffer. Approximately 1.0 percent of
the off-road movement for the platoon leader was identified as column movement using a
1 m buffer. In general, less column movement was identified as buffer size decreased.
The column movement identified using a 5 and 10 m buffer has a low probability of
being multi-track movement. The column movement identified using a 1 m and 3 m
buffer was more likely to be multi-track movement because the buffer was more
representative of the cross-track errors observed for the Garmin 18 GPS receiver.
Charlie Company 1st platoon traveled in a column formation more than any other
platoon, with 1022 m of column movement being identified using a 10 m buffer on the
first day of the tracking study. When using a very small buffer size of 1 m, 133 m of
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Table 7-3: Distance traveled in column formation identified using different buffers

Platoon Day
A11
1
A11
3
A11
5
A11
6
A11
8
B21
3
C11
1
C11
2

Distance traveled off-road in column
formation (m)
10 m
5m
3m
1m
buffer
buffer buffer buffer
86.6
86.6
54.9
5.0
70.7
70.7
22.4
0
68.5
68.5
68.5
11.8
93.3
93.3
99.3
0
208.3
208.3
208.3
44.7
33.9
33.9
29.6
10.4
1022.2 1009.9
693.1
133.3
16.2
2.4
0
0

Table 7-4: Percent of total off-road distance identified as column movement
Percent column movement
Total off-road 10 m 5 m
3m
1m
Platoon distance
buffer buffer buffer buffer
A11
18490 1.7% 1.7% 1.3% 0.1%
B21
12180 0.3% 0.3% 0.2% 0.1%
C11
13770 7.5% 7.4% 5.0% 1.0%
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column movement was observed. This column movement was likely multi-track
movement as well, because of the close proximity of the data points for the support
vehicles to the line through the platoon leader's movements. Only a visual validation
using GIS Tracking Analyst was conducted. No field validation was conducted for this
method.
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Chapter 8
Results
The objective of this study was to analyze military vehicle traffic to predict
vegetation removal caused by vehicles during training maneuvers. Vehicle tracking
studies were conducted using Global Positioning System (GPS) technology at Fort Lewis,
Washington and Fort Riley, Kansas. The tracking data was collected by mounting the
vehicle tracking systems (VTS) on military vehicles and recording vehicle position every
second for the duration of the training maneuver. The data collected from these studies
was analyzed and compared to the results from Yakima Training Center, Washington
(Haugen, 2002). The data was analyzed to estimate the average vegetation removed by
each vehicle type per day during each maneuver. The tracking data was then analyzed to
evaluate the vehicle off-road and event severity factors in the Army Testing and Training
Area Carrying Capacity (ATTACC) model. The data from Fort Lewis was analyzed to
identify column and multi-track movement during the maneuver.

Assessing Vegetation Impacts
Vegetation removal was predicted for the maneuvers that were tracked using GPS
at Fort Lewis in October of 2005, Fort Riley in May of 2005, and Yakima Training
Center in October of 2001 (Haugen, 2002). The average distance traveled off-road per
day for the different vehicles was assessed. Vehicles involved in the maneuver at Fort
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Riley included the M1A1Abrams combat tank, M2A2 Bradley fighting vehicle, and
M998 high mobility multi-purpose wheeled vehicle (HMMWV). A Stryker battalion was
tracked at Fort Lewis. The Stykers were similar to its predecessor the light armored
vehicle (LAV), which was involved in the maneuver tracked at Yakima Training Center.
Haugen (2002) estimated the impact caused by five LAVs at Yakima Training Center.
The average impact caused by each vehicle type was also estimated at Fort Lewis and
Fort Riley. Since the maneuvers lasted for different lengths, the impact was calculated
per day.
The mission conducted at Yakima Training Center involved area security, zone
reconnaissance, and screen line. The vegetation impact analysis was conducted by
Haugen (2002) for five LAVs. This type of maneuver involved more off-road travel, and
thus resulted in a large amount of vegetation being removed per vehicle day (1006 square
meters). The maneuver at Fort Riley involved more road-side interrogation and less offroad traffic. Because tracked vehicles (M1A1 and M2A2) were involved in the maneuver
the impacts were still somewhat high, with 1048 and 642 square meters of vegetation
being removed per vehicle day for the M1A1 and M2A2, respectively. The HMMWV's
impacted the training areas the least with only 179 square meters of vegetation being
removed per vehicle day. Even though there was less off-road traffic at Fort Riley, the
vehicle impact relationships for the tracked vehicles predict higher amounts of vegetation
removal. The maneuver involving the Strykers at Fort Lewis involved less off-road
traffic than at Yakima, but more than at Fort Riley. This maneuver consisted of urban
operations, traveling to firing ranges, and some off-road maneuvering on one of the
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ranges. It was estimated that on average just over 200 square meters of vegetation was
removed by each Stryker per vehicle day during this maneuver.

Evaluation of ATTACC
Another objective of this study was to compare the results of the vehicle tracking
study to subjective parameters in the Army Testing and Training Area Carrying Capacity
(ATTACC) methodology. ATTACC is used by land managers to manage military
training lands in a sustainable way. Many of the parameters used in the ATTACC
methodology were based on subjective expert opinion. The vehicle tracking studies at
Yakima, Fort Riley, and Fort Lewis provided a unique opportunity to evaluate the
subjective parameters in ATTACC. Specifically, the analysis of the vehicle tracking
studies was used to evaluate the vehicle off-road factor and the event severity factor, both
based on subjective opinion.
Haugen (2002) tracked nine Light Armored Vehicles (LAV), seven High Mobility
Multipurpose Wheeled Vehicles (HMMWV, M998), and four FUCHS armored vehicles.
It was found that on average 18.7 percent of the distance traveled by the vehicles was offroad. The ATTACC methodology has a vehicle off-road factor (VOF), which can be
changed manually, but it also has default values for each vehicle. The VOF values for
each vehicle range from zero to one, and represent the fraction of travel that was off-road.
The default VOF values were estimated using expert opinion. The VOF values for the
M1A1, M2A2, and HMMWV were 1.0, 0.90, and 0.70 respectively. The analysis of the
maneuvers at Fort Riley, Fort Lewis, and YTC provide a means of evaluating the VOF
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values. The field data from the tracking studies was compared to the subjective expert
opinions that were used as the defaults in the ATTACC model. However, in the
maneuver at Fort Riley, 3.1 percent of the distance traveled by the M2A2 vehicles was
off-road and 3.3 percent of the distance traveled by the HMMWV M998 vehicles was
off-road. Only 3.1 percent of the distance traveled by the M1A1 vehicles was off-road.
At Yakima, 19.3 percent of the distance traveled by the HMMWV M998 was off-road.
The Event Severity Factor in the ATTACC model was used to scale the estimated
impact based on the type of training event that was occurring. A standard field training
exercise, also known as FTX, was assigned an Event Severity Factor of 1.0. A maneuver
that results in ten percent more impact when all other variables (number of vehicles,
vehicle types, etc.) were held constant would have an ESF of 1.1. Work was needed to
measure event severity factors for different training exercises.
In this analysis the vehicle impact relationship developed at Fort Riley for the
M1A1 was used to estimate the impact that would result at each of the three training
installations where vehicle tracking studies were done if all of the vehicles tracked where
M1A1 tanks and the land conditions were similar to those at Fort Riley. The M1A1 tank
was used as the reference vehicle because it was the reference vehicle in the ATTACC
model.
Although the vehicle movement patterns (velocity and turning radii) and off-road
percentages will differ based on vehicle type, the vehicle impact relationship for the
M1A1 was used for comparison purposes. The M1A1 was the standard vehicle in the
ATTACC model. The differences based on vehicle type were accounted for in the
vehicle severity factor. The event severity factor attempts to relate impacts specifically to
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the type of training event. This was assumed independent of vehicle type. Using the
relationship for the M1A1 developed at Fort Riley and applying it to the vehicle tracking
data from all of the vehicles tracked during the maneuver at Fort Riley 1,166 square
meters of vegetation per vehicle day was removed. The same relationship applied to the
vehicle tracking data from all of the vehicles tracked during the maneuver at Fort Lewis
estimated 1,158 square meters of vegetation per vehicle day would have been removed.
The same relationship applied to the vehicle tracking data from all of the vehicles tracked
during the maneuver at Yakima Training Center estimated that 2,033 square meters of
vegetation per vehicle day would have been removed.
The impact that would have occurred at Yakima Training Center if all of the
vehicles involved in the training were M1A1 Abrams was nearly twice as severe (twice
the event severity factor) as Fort Riley and Fort Lewis. This was due to the type of
training that was involved. Yakima involved more off-road zone reconnaissance, area
security, and screen line. Fort Lewis involved some off-road tactical maneuvers, but
more urban operations and traveling to firing ranges. Fort Riley involved more road side
interrogation.

Identification of Column Movement
The last objective was to develop a GIS algorithm to identify off-road vehicle
column movement and multi-track traffic that has occurred during a military training
maneuver. The GIS method to identify column movement was developed and applied to
all of the full platoon moving data collected at Fort Lewis. There were three full platoons
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involved in the vehicle tracking study. All four vehicles in Alpha Company 1st platoon,
Bravo Company 2nd Platoon, and Charlie Company 1st Platoon were tracked using GPS.
The GIS method was applied to all three of these platoons to identify areas where
possible off-road column movement occurred. It was possible that some of the off-road
column movement could likely be on-road column movement that was identified as offroad due to inaccurate roads maps or GPS errors. Similar to the analysis for estimating
vegetation removal, the most column movement occurred in Training Area TRA1A, with
1298 m of column movement identified in that area using a 10 m buffer. Off-road
maneuvers were performed in this area. A sensitivity analysis was conducted where the
same method was used to identify column movement except buffer size was varied (10
m, 5 m, 3 m, 1 m) to evaluate the effects of buffer size on identifying column movement.
Charlie Company 1st platoon was identified as having the most column movement.
Approximately 7.5 percent of the off-road distance traveled by the platoon leader was
identified as column movement using a 10 m buffer. Approximately 1.0 percent of the
off-road distance traveled for the platoon leader in Charlie Company 1st platoon was
identified as column movement using a 1 m buffer.
In general, less column movement was identified as buffer size decreased. The
column movement identified using a 5 and 10 m buffer has a low probability of being
multi-track movement. The column movement identified using a 1 m and 3 m buffer was
more likely to be multi-track movement because the buffer was more representative of
the cross-track errors observed for the Garmin 18 GPS receiver. Charlie Company 1st
platoon traveled in a column formation more than any other platoon, with 1022 m of
column movement being identified using a 10 m buffer on the first day of the tracking
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study. When using a very small buffer size of 1 m, 133 m of column movement was
observed. This column movement was likely multi-track movement as well, because of
the close proximity of the data points for the support vehicles to the line through the
platoon leader's movements. This study provided a method to identify column and multitrack movement that has occurred during a military training maneuver.
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Chapter 9
Conclusions
The main objective of this study was to analyze military vehicle traffic patterns to
predict vegetation removal caused by military vehicles during training maneuvers. The
first objective was to predict the amount of vegetation removed by the vehicles tracked
during the maneuvers at Fort Riley and Fort Lewis and compare the results to those from
Yakima Training Center (Haugen, 2002). The second objective of this study was to
evaluate the vehicle off-road factor and the event severity factor in the Army Testing and
Training Area Carrying Capacity (ATTACC) model. The third objective was to develop
a GIS algorithm to identify column movement at Fort Lewis. These objectives were
accomplished by conducting vehicle tracking studies, where GPS-based vehicle tracking
systems were mounted on military vehicles to record their position every second during
training, at Fort Lewis in October 2005, Fort Riley in May 2005, and Yakima Training
Center in October 2001.
Vegetation removal was predicted for the maneuvers at Fort Lewis, Fort Riley,
and Yakima Training Center in October of 2001 (Haugen, 2002). Vehicles involved in
the maneuver at Fort Riley included the M1A1 Abrams combat tank, M2A2 Bradley
fighting vehicle, and M998 high mobility multi-purpose wheeled vehicle (HMMWV).
The maneuver resulted in 1048, 642 and 179 square meters of vegetation being removed
per vehicle day for the M1A1, M2A2, and HMMWV respectively. In the maneuver
involving the Strykers at Fort Lewis it was predicted that an average of just over 200
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square meters of vegetation was removed by each Stryker per vehicle day. Haugen
(2002) estimated the impact caused by five Light Armored Vehicles (LAVs) at Yakima
Training Center was 1006 square meters per vehicle day. The maneuver at Yakima
Training Center resulted in a higher predicted vegetation removal due to the heavy offroad maneuvering. Mission, vehicle type, distance traveled off-road, and number of
vehicles influenced the amount of vegetation removed.
The Army Testing and Training Area Carrying Capacity (ATTACC)
methodology (ATTACC) is used by land managers to manage military training lands in a
sustainable way. Many of the parameters used in the ATTACC methodology were based
on subjective expert opinion. The Vehicle off-road factors in the ATTACC model were
much greater than the off-road percentages calculated for vehicles during all three
tracking studies. The Event Severity Factor in the ATTACC model which is used to
scale the estimated impact based on the type of training event occurring. Analysis shows
that the impact from the maneuver at Yakima Training Center was nearly twice as severe
(twice the event severity factor) as Fort Riley and Fort Lewis. This was due to the type
of training that was involved. Yakima involved more off-road zone reconnaissance, area
security, and screen line. Fort Lewis involved some off-road tactical maneuvers, but
more urban operations and traveling to firing ranges. Fort Riley involved more road side
interrogation.
A GIS method to identify column movement was developed and applied to all of
the full platoon moving data collected at Fort Lewis. Charlie Company 1st platoon was
identified as having the most column movement. Approximately 7.5 percent of the offroad distance traveled by the platoon leader was identified as column movement using a
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10 m buffer. Approximately 1.0 percent of the off-road distance traveled for the platoon
leader in Charlie Company 1st platoon was identified as column movement using a 1 m
buffer. In general, less column movement was identified as buffer size decreased. The
column movement identified using a 5 and 10 m buffer has a lower probability of being
multi-track movement. The column movement identified using a 1 m and 3 m buffer was
more likely to be multi-track movement because the buffer was more representative of
the cross-track errors observed for the Garmin 18 GPS receiver. This study provided a
method to identify column and multi-track movement that has occurred during a military
training maneuver.

Recommendations for Future Work
More work is needed to evaluate the ATTACC methodology. More vehicle
tracking studies at different installations will provide a broader data base for evaluating
ATTACC. The vehicle tracking studies are needed to evaluate the impacts for different
types of maneuvers. As stated previously, all event severity factors were relative to the
standard field training exercise, which was assigned an event severity factor of 1.0. If the
average impacted area per vehicle day of this maneuver was known then other maneuvers
like the ones conducted at Yakima, Fort Riley, and Fort Lewis can be compared to this
exercise and assigned an event severity factor. A vehicle tracking study should be
conducted on what the military refers to as a standard field training exercise. Impacts
could be assessed using the relationship for the M1A1 at Fort Riley and all vehicle
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tracking studies conducted in the future could be referenced to the impacts of the standard
field training exercise and event severity factors could be calculated.
The vehicle impact relationships developed for the vehicles used in this study are
sufficient for estimating the impacts during the training maneuvers. However, the vehicle
impact relationships were not optimized for the data that was collected during the vehicle
tracking studies. When developing the vehicle impact relationships, many data points
were collected during the vehicle turn. More data points were collected because as the
vehicle turns, more damage results. When the vehicle was traveling straight, less damage
was done to the vegetation. When the vehicle impact relationships were developed and a
curve was fit through the data, the curve tries to minimize the errors at small turning radii
because this was where most of the data points were located. However, during the
vehicle tracking studies, the vehicle was often traveling straight. Since the vehicle
impact relationships were not optimized for vehicles traveling straight then the estimate
of impacts could be different from the actual impact.
More work is needed to accurately relate buffer size to cross-track error for the
method to identify column movement. More work could be done to establish the level of
confidence that multi-track movement has actually occurred based on a certain buffer
size. This study simply indicated that buffer sizes in the same range as the cross-track
errors of the Garmin 18 GPS receiver were more likely to be multi-track movement. A
field validation of the method to identify column and multi-track movement is also
needed. It is also important to note that column movement is not identified until all four
vehicles in a platoon are moving. There is some distance where the platoon leader begins
moving where multi-track could be occurring before all of the vehicles begin to move
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that the algorithm does not identify. For this reason, areas where column movement has
been identified should be inspected at the beginning and end of the identified column
movement for additional damage resulting from multi-track.
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Vehicle Movements
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Figure A-1

Figure A-1: All vehicle movements at Fort Lewis.
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Figure A-2

Figure A-2: Vehicle movements of Stryker A-11
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Figure A-3

Figure A-3: All vehicle movements at Fort Riley Military Installation.
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Figure A-4

Figure A-4: Vehicle movements of Bounty HQ 1 (M1A1)
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Appendix B
Development of Impact Relationships
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Table B-1
Table B-1: Guidelines for assigning impact severity values
Impact
Severity (%)

Guidelines

0

No visible disturbance as compared to surrounding vegetation/area

10

Laying down of vegetation; will recover quickly; few, if any, broken
stems; no evidence of vegetative shearing; very difficult to see impact
after a few days

20

Some broken stalks/plants; no possibility of these stalks/plants
straightening or returning to initial conditions within a few days; visible
for a couple of months after impact; visible soil disturbance, possibly
exposing bare soil, due to vehicle weight

40

Obvious depressed soil and vegetation with slight vegetation removal and
significant vegetative damage; crushing, shearing and slight removal of
vegetation likely; piling on track edge evident due to turning radius and
weight of vehicle; movement of plants/soil towards the edge of vehicle
track without completely shearing plant at roots; some bare soil exposed

60

About one third of vegetation still present and intact on the track;
significant amount of bare soil exposed; larger piling of vegetation on
edge of track due to shearing motion of the vehicle, fully removing
species from the track; some of the pile has overturned, exposing some
roots to air suggesting vegetation may not recover

80

Few vegetative species still intact on vehicle path; some vegetation has
been sheared down to just above roots, so very little of plant remains
above ground, while other vegetation has been fully sheared, removing
roots; piling of vegetation and soil on the edge of the path; pile was
completely overturned, exposing roots, suggesting the majority of species
will not recover

100

Complete removal of vegetation and soil; shearing action of vehicle has
left vehicle track bare; sheared vegetation and soil was piled on edge of
track

Source: Simmons, K. J. 2004. Vegetative recovery of military vehicle impacts at Fort Lewis,
WA. M.S. Thesis. The University of Tennessee. Knoxville, Tennessee.
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Figure B-1
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Figure B-1: Vehicle impact relationship for the LAV (Stryker) at low speed
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Figure B-2
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Vehicle CIW vs TR-High Speed
175
150
125

-0.6562

CIW=283.7TR

100

2

R =0.4101

75
50
25
0
0

25

50

75

100

125

Turning Radius (m)
Figure B-2: Vehicle impact relationship for the LAV (Stryker) at high speed
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Figure B-3

CIW vs TR - High and Low speeds
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Figure B-3: Vehicle impact relationship for the M1A1 using both high and low speed
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Figure B-4

CIW vs TR - High and Low speeds
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Figure B-4: Vehicle impact relationship for the M2A2 using both high and low speed
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Figure B-5

Vehicle CIW vs TR - High and Low speeds
30

Cumulative Impact Width (cm)

25

20
-0.075

High speed
Low speed

CIW = 14.96*TR
R2 = 0.06
15

10

5

0
0

20

40

60

80

100

120

140

160

Turning Radius (m)

Figure B-5: Vehicle impact relationship for the HMMWV using both high and low speeds
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